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1 Introduction and main results

1.1 Introduction

1.1.1 Motivation

A graph can be viewed as a mathematical tool to model a network, i.e. a collection
of objects (called wertices) linked by pairwise relations (called edges). As real-life
examples of graphs, we can consider social networks, where each pair of users can be
linked if they accept each other as friends, or road maps, where two different points are
correlated if there exists a feasible route between the two locations that they represent.
In studying such networks, a typical question that may arise is: starting from a given
vertex, is it possible to reach any other vertex using a sequence of the edges between
pairs of vertices? If the answer is affirmative, we say that the graph representing
the network is connected. When the graph is not connected, can we describe the
“substructures” that satisfy this property, i.e. the connected components?

Indeed, when dealing with real-life networks we usually have to consider a huge
number of vertices and often some “randomness” is involved: we can think of a navi-
gation system where there is a certain probability that a known itinerary to our final
destination becomes unusable due to roadworks. This can be mathematically formu-
lated as a random graph model, where given a set of vertices the edges are present
(or not) according to some probability distribution. Investigating properties such as
connectedness in random graphs translates into probabilistic questions, for example:
how can we choose the edge probability (as a function of the number of vertices) in
such a way that the graph is very likely to be connected if the number of vertices is
considerably large? How does the structure of the connected components evolve when
increasing the edge probability?

Finally, in modelling real-life networks the concept of classical graphs might not
be sufficient. For instance, the vertices do not necessarily have to be connected by
pairwise relations, but might “cluster” in groups of various sizes. In other words, a
network can be defined by a set of vertices and a collection of relations between subsets
of vertices of arbitrary cardinality, thus leading to “higher-dimensional” notions of
graphs. Furthermore, for these more general networks, more than one natural concept
of higher-dimensional connectedness can be defined.

The major aim of this thesis is to analyse random discrete structures that represent
higher-dimensional analogues of graphs such as random hypergraphs and random sim-
plicial complezes, for which we investigate several notions of high-order connectedness.



1.1.2 Phase transitions in random graphs

With their series of seminal papers [28431], Erddés and Rényi can be considered the
founders of the theory of random graphs. Although their results are stated for the
uniform random graph model G(n,m) (a graph chosen uniformly at random from
among all graphs on vertex set [n] := {1,2,...,n} with m edges), currently it is
more common to study a different model, namely the binomial random graph G(n,p).
This model is defined as a graph on vertex set [n], where each pair of vertices forms
an edge with probability p independently. Indeed, it is well known that G(n,p) is
essentially equivalent to G(n,m) if the edge probability p is approximately m/ (g) (see
e.g. [39, Section 1.4]). In this way, all the classical results by Erdés and Rényi can
be transferred to the G(n,p) model. Thus, in this thesis we restrict our attention to
G(n,p).

When dealing with G(n,p), we consider the edge probability p as a function of the
number of vertices, i.e. p = p(n), and investigate the behaviour of G(n, p) for very large
n. In particular, Erdés and Rényi studied structural properties of G(n,p) that occur
with high probability (whp for short), meaning that the property holds with probability
tending to 1 as n tends to infinity. Remarkably, for many of these properties even a
small change in the probability p can induce a drastic difference in the behaviour of
G(n,p); in other words, G(n,p) undergoes a phase transition with respect to these
properties.

One of the most famous results by Erdés and Rényi |28] deals with the property
of G(n,p) being connected: there exists a sharp threshold, namely loi", such that
if p is “below” this value then whp G(n,p) is not connected, while for p “above” the
threshold then the situation dramatically changes and whp G(n, p) is connected. They
also investigated connectedness around the threshold, in the so-called critical window,
by determining an explicit asymptotic expression for the probability of G(n,p) being
connected.

Theorem 1.1.1 (|28]). Let (¢n)n>1 be a sequence of real numbers and let p = logn%.

Then

0 if ¢n — —00,
Pr(G(n,p) is connected) “—=5 { e=¢°  if ¢, — c € R,
1 if ¢, = +o0.

logn

The value is closely related to the presence of isolated vertices, which can be
viewed as the “smallest” obstacles to the connectedness of G(n,p). Indeed, a first
moment calculation shows that around this value the expected number of isolated
vertices becomes very small. This suggests that these minimal obstructions are also
the critical ones, in the sense that we expect G(n,p) to become connected whp around
the same time when all isolated vertices disappear.

This intuition was made formal by Bollobds and Thomason [15], who studied the
random graph process, in which starting from the empty graph on vertex set [n], at
any following time-step one edge is chosen uniformly at random from among all edges
not already selected and added to the graph. At time m the process is distributed as



G(n,m), and therefore also asymptotically equivalent to G(n,p), for the appropriate
choice of p. Thus we may view G(n,p) as a process, where if we slowly increase p from
0 to 1, the edges appear one by one. Bollobas and Thomason proved the following.

Theorem 1.1.2 ([15]). With high probability the random graph process becomes con-
nected at the time when the last isolated vertex disappears.

A similar phenomenon to Theorem [[.1.]also characterises G(n,p) in an earlier stage
of its evolution, i.e. before the critical threshold for connectedness. In [29, Erdés and
Rényi studied the asymptotic order the connected components, i.e. the number of
vertices they contain, again highlighting a surprising behaviour. If the probability p
is smaller than %, whp G(n,p) consists of a collection of “small” components of order
at most logarithmic, whereas as soon as p becomes larger than the critical value %,
whp the largest component reaches linear order and all the other components are of
at most logarithmic order. In other words, % is the threshold for what is commonly
known as the emergence of a unique giant component. Interestingly, the component
structure also changes dramatically when p is below or above this threshold. Indeed,
in the subcritical regime whp the largest components are acyclic, and thus trees. In
the supercritical regime, the largest component, which suddenly reaches linear size,
undergoes a drastic change in its structure: whp the newly-born giant component
is complex, i.e. contains at least two cycles, while the other components are trees or
unicyclic.

Later on, this phenomenon was studied in more depth and the classical results
by Erdés and Rényi were refined in several respects. In particular, Bollobds [|9] and
Luczak [50] examined the evolution of the largest components considering p = 1#,
where ¢ = £(n) tends to zero “slowly enough”, and obtained more precise bounds on
the component orders. We summarise these results as follows.

Theorem 1.1.3 ([9,29,50]). Let € = e(n) be such that ¢ — 0 and X := &3n — oo.
For every i € N, let C; = C;(G(n,p)) denote the order (i.e. number of vertices) of the
i-th largest connected component in G(n,p). Then with high probability the following
holds.

(i) If p = 1n;€, for every constant © > 1 the i-th largest component is a tree. Fur-
thermore, for any function w of n such that w — oo,

_ 5 _
’Cl —at (log)\ ~ 3 loglog/\>‘ < we™ 2,

where a := —& — log(1 —¢) = €2/2 + O(£%), and C; = (2 + o(1))e~2log A for
> 2.
(i) If p= %, the largest component is complex and

Cy = (14 0(1))2en.

Moreover, for every constant i > 2 the i-th largest component is a tree with
Ci = (2+0(1))(e 2log A) and in particular, for any function w of n such that



w — 00,

_ 5 _
‘Cg —p7! (log)\ — 21oglog)\>’ < we™ 2,

where B :=¢ —log(1+¢) = €2/2 + O(&?).

Observe that Theorem [1.1.3|states that in the supercritical case the largest compo-
nent is substantially larger than the second largest, thus showing that there exists a
unique giant component. Moreover, the evolution of the components displays a sym-
metry property for G(n,p): the supercritical random graph with the giant component
removed behaves as the subcritical random graph.

We also note that the coefficient f% before the log log A factor arises from the asymp-
totic number of various families of labelled trees, as we will explain in more detail in

Section [[.2.11

1.1.3 Random hypergraphs

Inspired by these classical results on G(n,p), many different random models and con-
cepts of connectedness have been investigated. In this thesis, we are particularly in-
terested in higher-dimensional analogues of random graphs, for which several different
notions of connectedness can be defined at various complexity levels.

Among all the possible generalisations of a graph, one of the most natural is hyper-
graphs. Just as a graph consists of a set of vertices and a set of pairs of vertices (called
edges), a k-uniform hypergraph consists of a set of vertices and a set of hyperedges,
where each hyperedge is a set of k vertices (also called k-set), for k > 2. Thus, a
graph can also be viewed as a 2-uniform hypergraph and for k£ > 3 we obtain a higher-
dimensional structure. Similarly, we can generalise the random graph model G(n,p):
given integers n, k > 2, the binomial random k-uniform hypergraph H, = H(k;n,p) is
the k-uniform hypergraph defined on vertex set [n], where each k-set of vertices forms
a hyperedge with probability p = p(n) independently.

An obvious notion of connectedness in a k-uniform hypergraph is so-called vertex-
connectedness: we say that two vertices v and w in a k-uniform hypergraph are con-
nected if there exists a sequence eq,...,e; of hyperedges such that v € e}, w € ey
and for each i = 1,...,£ — 1 we have e; Ne;11 # 0. It is easy to see that vertex-
connectedness defines an equivalence relation on the set of vertices, whose equivalence
classes are the connected components.

Vertex-connectedness has been extensively studied and analogues of the classical
results on random graphs have been obtained for the random hypergraph. In many
cases, the proof ideas of the graph case naturally extend to this higher-dimensional
context. For example, similarly as in Theorems and the threshold for
vertex-connectedness in H,, corresponds to the threshold for disappearance of the last
isolated vertex, that occurs at around p = Tllokg_’} (k — 1)!, as follows from both [19]
and [57] as a special case. As for the evolution of the vertex-connected components,
Schmidt-Pruzan and Shamir [59] first underlined how the random hypergraph shows
a similar behaviour to the random graph. They proved that H, undergoes a phase




transition at around p = L ) after which the largest component suddenly passes

(k=1)(,"4
from being of logarithmic orde(r to linear order, a result that was later refined (see e.g.
[7[8{13}/47,/58]), thus obtaining an analogue of Theoremm

Nonetheless, vertex-connectedness is not the only natural notion of connectedness in
k-uniform hypergraphs. Indeed, this is already clear from the definition: two vertices
are considered connected if they belong to the endpoints of a common sequence of
intersecting hyperedges, but there are several different ways of defining this sequence.
For instance, we may distinguish different notions of connecting sequences according
to the size of the intersection between two consecutive hyperedges. This leads to the
following definition of high-order connectedness.

Definition 1.1.4. Given j € [k — 1], a pair {J,,Jp} of j-sets of vertices in a k-
uniform hypergraph is called j-tuple-connected (or j-connected, for short) if there exists
a sequence of hyperedges ey, ..., e, such that J, C ey, J, C ey, and |e; Ne;q1] > 7 for
each i € [(—1]. A j-(tuple-)component is a maximal collection of pairwise j-connected
j-sets. We say that a k-uniform hypergraph on vertex set [n] is j-(tuple-)connected if
all the j-sets of vertices lie in the same j-component.

Observe that the case 7 = 1 corresponds to vertex-connectedness, which has been
widely analysed, as mentioned before. In contrast, the case j > 2 is not yet well-
understood. Indeed, in this case the proof ideas from the graph case do not extend so
easily, mainly because j-components consist of j-sets rather than vertices and thus it
is possible that two different j-components share common vertices (as long as they do
not share j-sets). For this reason, the behaviour of the order of the j-components, i.e.
the number of j-sets they contain, is strongly dependent on their structure (i.e. how
the j-sets intersect with each other), making the analysis more complicated.

Concerning the existence of a threshold for the j-connectedness of #,, the case j =1
follows from the result on vertex-connectedness by Schimdt-Pruzan and Shamir [59],
while the case j = k — 1 was proved by Kahle and Pittel [44]. More generally, Cooley,
Kang, and Koch [19] determined the threshold for the j-connectedness of H, for any
j € [k — 1]. They proved that the property of being j-connected undergoes a sharp

phase transition at p = 2 io,gj)l Even more strongly, they proved a hitting time result

analogous to Theorem by showing that this value corresponds to the threshold
for the disappearance of the last isolated j-set, i.e. a j-set which is not contained in
any hyperedge.

Cooley, Kang, and Person [22] first studied the evolution of the j-components before
the threshold for j-connectedness, for any j € [k — 1]. Similarly as the case j =1, a

phase transition occurs at around probability p = W whp before this critical
E

value the largest j-component has at most logarithmickoider, whereas once above
the critical value the largest j-component is approximately of order ©(n’). Observe
that we should not expect the largest j-component to reach only linear size because,
as noted before, it consists of j-sets rather than vertices and thus should contain a
constant fraction of all the (;’) = O(n’) many j-sets. Cooley, Kang, and Koch [20]
later improved this result, by giving a more precise bound on the asymptotic order
of the largest j-component in the supercritical regime and proving that the second



largest component has much smaller order, thus showing that whp a unique giant
j-component of order ©(n’) emerges.

Theorem 1.1.5 (|20L122]). Given integers k > 2 and j € [k — 1], let e = g(n) > 0

satisfy € — 0, e3n7 — 0o and >n'=2?° — oo, for some constant § > 0. Then with high
probability the following holds.

(i) If p = W, all j-components of the random hypergraph H(k;n,p) have
)75

order O(e~?logn).

(ii) If p = W, the order of the largest j-component of the random hyper-
i) k-

graph H(k;n,p) is (1 £ o(1)) (’?3671 (?), while all other j-components have order
J

o(en?).

Comparing this result with Theorem[I.1.3] we notice that the analogy with the graph
case is not complete. In particular, the subcritical case was not fully analysed: what
is the precise asymptotic order of the largest j-component in the subcritical random
hypergraph? And what can we say about the structure of the largest j-component
in this regime? Can it be described as a “higher-dimensional tree” as the graph case
would suggest, or does it give rise to a more complex structure?

In Chapter [2] we address these questions and derive an analogous result to Theo-
rem In particular, we study the precise asymptotic size (i.e. number of hyper-
edges) of the largest j-components in the subcritical hypergraph and obtain a struc-
tural description of these components, showing that whp they are hypertrees (Theo-

rem [[21).

1.1.4 Random simplicial complexes

An alternative approach to find a higher-dimensional extension of a graph is given
by simplicial complexes. A simplicial complex (or complex for short) C is defined
by a vertex set V' and a collection of non-empty subsets of V', called simplices, with
the additional properties that this collection is downward-closed, i.e. every non-empty
subset of a simplex also lies in C, and furthermore the singleton {v} is in C for every
v € V. For any non-negative integer k, the elements of C of cardinality k£ + 1 are called
k-simplices and we say that C is a k-dimensional complex (or simply k-complez) if
C has no (k + 1)-simplices. If C is k-dimensional, for each 0 < j < k — 1 the j-
skeleton of C is the j-dimensional (sub)complex formed by all i-simplices in C with
0 <i < j. Observe that a graph can be viewed as a 1-complex, where the vertices are
the 0-simplices and the edges are the 1-simplices.

Simplicial complexes are typical objects studied in algebraic topology and in par-
ticular homology theory can be used to define a higher-dimensional notion of con-
nectedness. Informally speaking, homology and cohomology groups can be viewed as
algebraic objects which describe “holes” of various dimensions in simplicial complexes
(see Section for the formal definition and an overview about cohomology no-
tation). For example, the vertex-connected components of a simplicial complex are



related to the zero-th cohomology group, in the sense that asking this group to be
“as small as possible” is equivalent to requiring that the complex consists of a single
component, i.e. there are no zero-dimensional holes. Similarly, the dimension of higher
cohomology groups gives information about the presence of higher-dimensional holes.
This motivates the choice of defining a notion of higher-dimensional connectedness by
the vanishing of the cohomology groups for every (reasonable) dimension, as we will
see more formally later (Section .

Linial and Meshulam [48] first introduced a model of random 2-dimensional simpli-
cial complexes, which was later generalised by Meshulam and Wallach [53] for general
dimension k£ > 2. The random k-complex ), = Y(k;n,p) is a k-dimensional com-
plex on vertex set [n] with full (k — 1)-dimensional skeleton, where every (k + 1)-set
forms a k-simplex with probability p independently. The presence of the full (k — 1)-
skeleton excludes the presence of i-dimensional holes for every i € [k—2]. For example,
in Y(2;n,p) all the possible 1-simplices (i.e. edges) formed by pair of vertices in [n]
are included, yielding a 2-complex which is automatically vertex-connected, and thus
does not contain any zero-dimensional holes. Hence, in order to have a connected
k-complex we only have to preclude the existence of (k — 1)-dimensional holes. In
particular, Linial and Meshulam (for £ = 2), and subsequently Meshulam and Wallach
(for k > 2), investigated the vanishing of the (k—1)-th cohomology group H*~1(V,; Fz)
with coefficients in the two-element field Fo and showed that it has a sharp threshold

at p = Lflg”.

Theorem 1.1.6 (|48,53]). Let k > 2 and let w be any function of n which tends to
infinity as n — oo. Then with high probability the following holds.

(i) If p = E1B"=2 then HF=1(Y;Fa) #0;
(ii) If p = EO8H ypen HF1());Fy) = 0.

Indeed, Meshulam and Wallach [53] showed that the same result holds with the coef-
ficient group F5 replaced by any finite abelian group.

Similarly as we discussed for G(n,p), the complex Y, can also be naturally inter-
preted as a process, where k-simplices appear one by one. Kahle and Pittel [44] further
proved a hitting time result (analogous to Theorem but only for the case k = 2,
relating the threshold for cohomological connectedness to the disappearance of the last
minimal obstruction. More precisely, they showed that whp H*(Y(2;n,p); Fa) vanishes
at the exact moment when the last isolated 1-simplex—i.e. a 1-simplex which is not
contained in any 2-simplex of Y(2;n, p)—disappears. Furthermore, to achieve a full

analogy with Theorem they also looked at the behaviour of H kil(yp;IFg) for
general k > 2 inside the critical window given by the threshold, i.e. for p = w.
They showed that the dimension of the (k — 1)-th cohomology group tends in distri-
bution to a Poisson random variable and thus obtained an asymptotic expression for

the probability of this group vanishing.

Theorem 1.1.7 ([44]). Let k > 2 and (¢, )n>1 be a sequence of real numbers such that
cn > c€eER. Ifp= %, then dim (H*=1(V,;F2)) converges in distribution to a



Poisson random variable with expectation e~ €/k!. In particular, we have

Pr (H* 1Yy Fa) = 0) 222 e7¢ /H.

Since then, many other concepts of connectedness as well as different models of
random simplicial complexes have been investigated (see e.g. |[43] for an overview). In
this thesis, we try to bridge the gap between hypergraphs and simplicial complexes,
by considering random complexes which in some sense originate from a random hy-
pergraph. In contrast with ),, where the full (k — 1)-skeleton is added, we define
the random k-complex G, = G(k;n,p) where, once the k-simplices are chosen with
probability p independently, we include only those simplices that are truly necessary
to have a simplicial complex (see Definition . In other words, G, can be viewed
as the k-complex generated from a random (k + 1)-uniform hypergraph by taking the
downward-closure of the hyperedges.

Since in the model G, the (k—1)-dimensional skeleton is not automatically complete,
we need to consider all cohomology groups of dimension up to k—1. For this reason, for
every j € [k—1] we introduce Fy-cohomological j-connectedness of G, as the vanishing
of the cohomology groups H(G,;Fs) for all i € [j] and the zero-th cohomology group
being isomorphic to Fo (Definition .

In Chapter [3| we study this property and prove results analogous to Theorems [I.1.6]
and More specifically, we determine the sharp threshold for Fs-cohomological
j-connectedness in G, and prove a hitting time result, by relating this threshold to
the disappearance of the last minimal obstruction (Theorem . Furthermore, we
analyse the asymptotic distribution of the dimension of the j-th cohomology group,
within the critical window associated with this threshold (Theorem .

In ChapterEIwe will also consider a generalisation of both V), and G,,, i.e. a model of
simplicial complex originated from the downward-closure of a non-uniform hypergraph
(Definition , for which we examine the vanishing of the cohomology groups over
an arbitrary abelian group. Similarly to the uniform case, we show a hitting time
result for this property (Theorem and study the behaviour of the cohomology
groups in the critical window (Theorem [1.2.10).

1.1.5 Overview

This thesis is structured as follows.

In Section [1.2] we present the main results of the thesis. More precisely, in Sec-
tion [L.2.1| we study the subcritical regime of the phase transition for the appearance of
the giant j-component in the binomial random k-uniform hypergraph (Theorem.
We derive a more precise asymptotic description of the largest j-components in this
range, determining their size, order, and structure (Theorem and Corollary.
In Sections [1.2.2] and we consider random simplicial complexes obtained from
the downward-closure of the uniform and non-uniform random hypergraphs (Defini-
tions and respectively). For each of these models, we define a notion of
high-order connectedness according to the vanishing of the cohomology groups with
coeflicients over some suitable abelian group. We determine the sharp threshold for



this property and prove a hitting time result for a natural process interpretation of
these random complex models (Theorems and . Furthermore, we investi-
gate the asymptotic behaviour of the cohomology groups inside the critical window
(Theorems and [L.2.10).

Section [I.3]is devoted to the key techniques that are used to prove the main results
of the thesis. First, in Section [[.3.1] we present a two-type branching process and the
upper coupling argument that we use to analyse the structure of the j-components
in the subcritical random hypergraph. In Section we investigate the vanishing
of cohomology groups of random simplicial complexes and underline the relation be-
tween the threshold for this property and the absence of minimal obstructions. Indeed,
showing the existence of this threshold turns out to be particularly challenging, be-
cause this notion of cohomological connectedness is not a monotone property (see e.g.
Examples [3.3.2] and 4.4.11). Thus, we need to develop sophisticated tools in order
to overcome the difficulties arising from the non-monotonicity. In Section [1.3.3| we
present how we can suitably subdivide the subcritical regime into intervals and ensure
the presence of obstructions throughout each of the intervals. In Section we de-
fine a breadth-first search process, which we use in the supercritical case to carefully
bound the number of “obstacles” to cohomological connectedness and thus prove that
whp they do not exist. We take a closer look at non-uniform simplicial complexes in
Section [[.3.5] describing how we can determine the critical direction for the vanishing
of the cohomology groups. In Section we discuss open problems that could lead to
future research.

The thesis is based on the following research papers.

(1) Subcritical random hypergrhaps, high-order components, and hypertrees
0. Cooley, W. Fang, N. Del Giudice, and M. Kang, accepted for publication in
SIAM Journal on Discrete Mathematics (2019), 1-30.

An extended abstract appeared in the Proceedings of Analytic Algorithmics and
Combinatorics (ANALCO19), pp. 111-118.

(2) Vanishing of cohomology groups of random simplicial complezes
0. Cooley, N. Del Giudice, M. Kang, and P. Spriissel, Random Structures &
Algorithms 56 (2020), 461-500.

An extended abstract appeared in the Proceedings of the 29th International
Conference on Probabilistic, Combinatorial and Asymptotic Methods for the
Analysis of Algorithms (AofA 2018), pp. 7:1-7:14.

(3) Cohomology groups of non-uniform random simplicial complezes
0. Cooley, N. Del Giudice, M. Kang, and P. Spriissel, in preparation (2020),
1-56.

An extended abstract appeared in the Proceedings of the European Confer-
ence on Combinatorics, Graph Theory and Applications (EuroComb 2019), Acta
Math. Univ. Comenianae Vol. LXXXVIII, 3 (2019), pp. 553-560.

In this thesis, these papers correspond to Chapters respectively.



1.2 Main results

In this section we describe the main results of this thesis.

In Sectionwe first discuss the notion of j-tuple-connectedness (Deﬁnition
in the binomial random k-uniform hypergraph #,. We consider the phase transition for
the appearance of the giant j-component (Theorem and focus on the subcritical
regime. We determine the asymptotic size (i.e. number of hyperedges) of the largest j-
components in the subcritical H,, and we give a description of their structure, showing
that whp they are hypertrees, a higher-dimensional counterpart of trees in graphs
(Theorem , analogously to Theorem m

Sections and deal with random simplicial complexes generated by the
downward-closure of random hypergraphs. We define a notion of higher-order connect-
edness as the vanishing of the cohomology groups over a suitable coefficient group, for
which we prove results analogous to Theorems and (among other results).

More specifically, in Section we consider the random complex obtained as the
downward-closure of the uniform random hypergraph and study Fs-cohomological j-
connectedness. We find the sharp threshold for this property and show that whp this
corresponds to the time when the last minimal obstruction disappears (Theorem[1.2.5)).
Furthermore, we obtain a precise asymptotic expression for the probability of the com-
plex being Fy-cohomologically j-connected within the critical window (Theorem.

In Section we define a more general model of simplicial complex generated by
non-uniform hypergraphs, where sets of vertices of any size have different probabilities
of forming hyperedges. For this model, we investigate the vanishing of cohomology
groups over an arbitrary abelian group R and obtain a hitting time result which relates
the threshold for this property to the absence of minimal obstruction (Theorem.
Finally, we obtain an asymptotic description of the j-th cohomology group over R
inside the critical window associated with the threshold (Theorem .

1.2.1 Subcritical random hypergraphs

We consider the binomial random k-uniform hypergraph #, = H(k;n,p) and the
notion of j-tuple-connectedness (Definition [1.1.4]) for j € [k —1]. Theorem states
that H, undergoes a phase transition at

S
(B =)

where a unique giant j-component of order (i.e. number of j-sets it contains) ©(n’)
emerges. We take a closer look at the subcritical regime (i.e. statement (i) of The-
orem , where the largest j-component has at most logarithmic order. In the
main result of this section (Theorem we precisely compute the asymptotic size
(i.e. number of hyperedges) of the largest j-components and determine their structure.
Indeed, we show that whp the largest j-components are hypertrees, meaning that their
structure naturally extends the notion of tree in a graph to this higher-dimensional

(1.1)
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context. This will allow us to also determine the precise asymptotic order of the largest
j-components (Corollary .

Note that in Definition we defined j-connectedness between a pair of j-sets
through the existence of a sequence of hyperedges linking the two j-sets, where every
two consecutive hyperedges intersect in at least j vertices. Hence, when considering a
j-component 7, although consisting of a collection of j-sets it is naturally equipped
with the set of hyperedges that are used for the connecting sequences, i.e. the set K7
of hyperedges containing any of the j-sets in 7. With a slight abuse of terminology,
we say that a j-component J also contains the set of hyperedges K. Thus in the
following, rather than investigating the order of the largest j-components we focus on
their size. In the probability range of our interest the size and the order of the largest
j-components will only differ approximately by a constant factor, thus we also derive
a result on the order (Corollary.

In view of a generalisation of Theorem we are interested in describing the
structure of the largest j-components. To this end, we define a higher-dimensional
notion of a tree. A hypertree j-component (or simply hypertree) is a j-component
containing as many j-sets as possible given its size, i.e. if we denote by s the size and

by t the order of the j-component, then t =1 + ((];) — 1) s. Indeed, the case k = 2

and j = 1 gives the classical concept of tree in a graph, where given the number s of
edges, we have t = 1 + s many vertices.

We show that the largest subcritical j-components are whp hypertrees. We also
determine their asymptotic size.

Theorem 1.2.1. Let k > 2 be an integer, j € [k — 1], and e = ¢(n) with 0 < e < 1
such that (l(fgiz)g —00. Fori €N, let £L; = L;(H,) be the i-th largest j-component of
Hy = Hp(k;n,p), and let L; be the size (i.e. number of hyperedges) of L;. Let m € N
be fized.

Ifp = (1—¢)py, with p, defined in , then with high probability for any 1 < i < m,
the component L; is a hypertree and has size

5
L;=6"" (log)\ - §1oglog)\ + Op(1)> ,

where § := —e —log(1 —¢) = €2/2+ O(e3) and \ := &> (?)

We observe that the tree-like structure of the components is a key ingredient of our
proof. This is reflected in the coefficient —g before the log log A factor in Theorem
which is the same as Theorem Indeed, the asymptotic number of trees on
t vertices is of the form c - t!y*t~%/2, with ¢ and v depending on the properties of
the considered family of trees. The critical exponent —% is thus transferred to the
coefficient 7% of the loglog \ factor.

Theorem [I.2.T] tells us that whp the largest components are hypertrees. In this case,
we exactly know the relation between size and order of the j-components, therefore
we obtain the following result.

11



Corollary 1.2.2. Let k,j,e,0,\, L;,p be as in Theorem [I.2.1 Fori € N, let M; =
M; (M) be the order (i.e. number of j-sets) of L;. Let m € N be fizred. Then with high
probability for any 1 < i < m we have

M; = ((’;) — 1) Li+1= ((5) - 1) 6t <log)\— Zloglog)\—i—Op(l)) .

1.2.2 Random simplicial complexes: uniform case

We consider the random k-complex G, generated from the binomial random (k +
1)-uniform hypergraph by taking the downward-closure of the hyperedges (Defini-
tion and study Fa-cohomological j-connectedness for any j € [k — 1], defined
as the vanishing of the i-th cohomology group with coefficients in Fy for any i € [j]
and the zero-th cohomology group being isomorphic to Fy (Deﬁnition. This no-
tion of higher-dimensional connectedness proves to be not-necessarily monotone (see
Example , thus the existence of a single threshold for this property is not guar-
anteed. Nevertheless, we determine a single sharp threshold for Fy-cohomological j-
connectedness in G, and in addition prove a hitting time result, relating this threshold
to the disappearance of the last minimal obstruction (Theorem . This will also
imply an analogous hitting time result for the model ), introduced in [48}[53], which
Kahle and Pittel [44] proved only in the case when )Y, is a 2-complex (i.e. k = 2).
Furthermore, we study the dimension of the j-th cohomology group inside the critical
window given by the threshold, thus obtaining a precise asymptotic expression for
the probability of G, being j-cohom-connected (Theorem, a result analogous to
Theorem [LT.7

We consider the following model of random k-complex.

Definition 1.2.3. We denote by G, = G(k;n,p) the random k-dimensional simplicial
complex on vertex set [n] such that

e the O-simplices are the singletons of [n];

e the k-simplices are the hyperedges of the binomial random (k + 1)-uniform hy-
pergraph H(k + 1;n, p);

e for each j € [k — 1], the j-simplices are exactly the (j + 1)-subsets of hyperedges
of H(k + 1;n,p).

Denote by H'(Gp;F3) the i-th cohomology group of the complex G, with coeffi-
cients in Fo (see Section for the definition). As mentioned before, H%(G,;F2)
being isomorphic to Fs is equivalent to topological connectedness of G, i.e. the vertex-
connectedness of the underlying random (k+ 1)-uniform hypergraph (see e.g. |55, The-
orem 42.1]). Hence, we obtain a stronger notion of connectedness by also requiring
the higher cohomology groups to be “as small as possible”.

Definition 1.2.4. Given a positive integer j, the random simplicial complex G, is
Fy-cohomologically j-connected (j-cohom-connected for short) if

12



[ ] Ho(gp;]Fg) :]FQ;
e H'(Gy;Fy) =0 for all i € [j].

In terms of proving analogues of Theorems and the analysis becomes
challenging, because in principle G,, might oscillate between being j-cohom-connected
and not being j-cohom-connected, and thus the existence of a single threshold for this
property is not guaranteed. Nonetheless, we show that

~ (j+1)logn +loglogn .
bj = (k‘ —j+ l)nk—j (k .7)‘ (12)
is a sharp threshold for j-cohom-connectedness of G, (Theorem .

Indeed, we prove a stronger result analogous to Theorem by relating this
sharp threshold to the disappearance of the last minimal obstruction to j-cohom-
connectedness, which we call M; (Definition . We will later see that a copy of
M; is a k-simplex in G, equipped with a specific configuration, and is a witness for the
j-th cohomology group H?(G,;F2) not vanishing. Thus, a copy of M; represents an
obstruction to j-cohom-connectedness and furthermore this obstruction is “minimal”
in a natural way.

The complex G, can also be interpreted as a process. We assign a birth time chosen
uniformly at random in [0, 1] to each (k + 1)-set in [n] and, by gradually increasing p
from 0 to 1, we see the k-simplices (i.e. the (k + 1)-sets and their downward-closure)
appearing in sequence, ordered by their birth times. With this interpretation, we can
define pyy, as the birth time of the k-simplex which causes the last copy of the minimal
obstruction M to disappear. The following result states that whp pas; is the hitting
time for the j-cohom-connectedness of G, and is indeed “close” to p; defined in .

Theorem 1.2.5. Let k > 2 be an integer and let w be any function of n which tends
to infinity as n — oo. For each j € [k — 1], with high probability the following holds.

(i) pu, satisfies

i + 1)logn + loglogn — w
(j+1)log glog
(k—j7+1)nk-J

i +1)logn + loglogn +w
(j+1)log g log
(k—7+1)nk-J

(k=) <pwm; < (k—7)\.

(ii) For all p < pa,, Gp is not Fo-cohomologically j-connected, i.e.
H%(G,;Fo) #Fy  or  HY(G,;F2) # 0 for some i € [j].

(iii) For all p > par,;, Gp is Fa-cohomologically j-connected, i.e.
HY(G,;F2) =Fy  and H'(Gp;F) =0 for alli € [§].

As a corollary, we generalise the hitting time result proved by Kahle and Pittel [44]
for ),. They related the vanishing of the first cohomology group of Y,(2;n,p) to
the disappearance of the last minimal obstruction, namely an isolated 1-simplex. We
extend this result to the process associated with ), for general k > 2, considering an

isolated (k —1)-simplex—i.e. a (k — 1)-simplex which is not contained in any k-simplex
of V,—as minimal obstruction.

13



Corollary 1.2.6. Let k > 2 be an integer. Then with high probability H*=1(V,;F2)
vanishes at exactly the moment when the last isolated (k — 1)-simplex disappears from

V.

Finally, we study the asymptotic distribution of the dimension of H?(G,;F2) inside
the critical window given by the threshold p;, thus also obtaining an expression for
the probability of G, being j-cohom-connected (analogously to Theorem [1.1.7]).

Theorem 1.2.7. Let k > 2 be an integer, j € [k — 1], and (¢,)n>1 be a sequence of
real numbers such that ¢,, — c € R. If

(j+ 1) logn +loglogn + ¢, )
= , kE—j)!
b (k—j+ nh—J (k=3)

then dim (Hj(gp; ]FQ)) converges in distribution to a Poisson random variable with ex-
pectation \; 1= %, while with high probability H®(G,;Fa) = Fo and H'(Gp; Fa)
vanishes for every i € [j — 1]. In particular,

Pr (G, is j-cohom-connected) ~—5 ¢~

1.2.3 Random simplicial complexes: non-uniform case

In this section, we define a more general model of random simplicial complex arising
from a non-uniform random hypergraph. Given a d-tuple p = (p1,...,pq) of proba-
bilities, the d-complex G(n,p) is obtained from the downward-closure of the random
hypergraph on vertex set [n] where each set of k + 1 vertices forms a hyperedge with
probability py, independently, for any k € [d] (Definition[I.2.8)). For this model, we con-
sider a stronger notion of connectedness, namely the vanishing of cohomology groups
over an arbitrary abelian group R (not only over Fg). Analogously to the uniform case,
we overcome the difficulties arising from the non-monotonicity and show that this no-
tion of R-cohomological connectedness displays a phase transition at around the time
when all the minimal obstructions disappear (Theorem. We also investigate the
behaviour of the cohomology groups within the critical window (Theorem [1.2.10)).
We now give the formal definition of our model G(n, p).

Definition 1.2.8. Let d > 2 be an integer. For each k € [d], let pr = px(n) € [0,1] C R
be given and write p := (p1,...,pq). Denote by H(n,p) the binomial (non-uniform)
random hypergraph on vertex set [n] in which, for all k& € [d], each element of (k[i]l)
forms a hyperedge with probability py independently. By G(n,p), we denote the

random d-dimensional simplicial complex on [n] such that
e the O-simplices of G(n,p) are the singletons of [n];

e for each k € [d], the k-simplices are precisely the (k+1)-sets which are contained
in hyperedges of H(n, p).
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Given a positive integer j, for this model we study a stronger notion of j-cohom-
connectedness by considering cohomology groups over an arbitrary abelian group R.
More precisely, we say that G(n, p) is R-cohomologically j-connected if the cohomology
groups H(G(n,p); R) = 0 for all i € [j] and H°(G(n,p); R) = R.

In order to prove a hitting time result (analogous to Theorem, we are interested
in determining what the minimal obstruction to R-cohomological j-connectedness is.
As it turns out, a copy of M; defined for the uniform case remains the minimal ob-
struction to the vanishing of the j-th cohomology group over any abelian group R.
However, in G(n,p) any k-simplex with j < k < d can potentially give rise to a mini-
mal obstruction. Therefore we have to consider obstructions of different sizes and thus
define a slightly more general structure which we call M ik (Deﬁnitions and .

Although R-cohomological j-connectedness is not a monotone property (see Ex-
ample , we will show the existence of a single threshold for this property,
which is related to the absence of any minimal obstruction Mj,k. To do this, we
turn the d-complex G(n,p) into a process by assigning a birth time to each k-simplex
for any k € [d] , as discussed for the uniform model G,. In particular, if we fix a

“direction” p = (p1,...,pq) of non-negative real numbers (with pg # 0), set p =
7p = (min{7p1, 1}, ..., min{7p4, 1}) and gradually increase the parameter 7 from 0
t0 Tmax := 1/P4, then G(n,p) can be viewed as a process where simplices and their

downward-closure arrive one by one. Thus, given a direction p, we can use 7 as a time
parameter and study the evolution of the process G, = G(n,7p) for 7 € [0, Tmax]-
Moreover, we note that the evolution of G, is unchanged if p is scaled by a mul-
tiplicative factor and therefore we scale p in such a way that the last copy of Mj,k
(for some k) is likely to disappear when 7 is close to 1. Indeed, this happens whp
when choosing p as a direction that we call j-critical and we formally define later

(Definition {4.2.3)).
Theorem 1.2.9. Let d > 2 be an integer. For j € [d — 1] and a j-critical direction
P = (P1,P2,--.,Da) with pg # 0, let G- = G(n, D), let Tmax = 1/Pa, and let

77 :=sup{T € R>o | G, contains a copy of Mj,k for some j < k < d}.

Then for every function w of n which tends to infinity as n — oo, the following
statements hold with high probability.

(Z) T_;k =1+o (10271)'

(ii) ForallT € [0,77), the random d-complex G- is not R-cohomologically j-connected
i.e.

H°(G;R)#R or H'(G;;R)#0 for somei € [j].

(i) For all T € [T}, Tmax], the random d-complex G, is R-cohomologically j-connected
i.e.

H°(G R)=R and H'(G-;R)=0 for alli€ [j].

The final main result deals with 7 in the critical window, i.e. 7 =1+ O(1/logn).
In this range, we provide an asymptotic description of the j-th cohomology group of
G, with coefficients in R.
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Theorem 1.2.10. Let (¢,)n>1 be a sequence of real numbers with ¢, — ¢ € R. Let
jeld-1,r=1+ h)cgn and consider p = Tp for a j-critical direction p. Then there
exists a constant £ = E(c,p) such that with high probability

H/(G;;R) = RY,

where Y is a Poisson random variable with mean £.

1.3 Key techniques

To prove the main results of this thesis, we make use of several (standard) probabilistic
and enumerative techniques, including first and second moment methods, method
of moments, multivariate Poisson approximation, and generating functions. In this
section, we instead provide an overview of the key non-standard methods and concepts
that are introduced in the thesis.

In Section [1.3.1] we consider j-tuple-connectedness in random hypergraphs and de-
scribe the main techniques used in Chapter We will show that we can naturally
explore the j-components via a breadth-first search process. Nonetheless, to efficiently
obtain bounds on the components’ size and order, we need to define a two-type branch-
ing process, that we use as an upper coupling of the component search-process.

In Sections [1.3.2H1.3.4] we present the essential ideas and techniques needed in
Chapters [3] and [ for the study of random simplicial complexes. In particular, in
Section [I.3:2] we introduce the minimal obstruction to the vanishing of the cohomol-
ogy groups and determine the probability range where we expect the last minimal
obstruction to disappear.

Showing that p; is the threshold for j-cohom-connectedness proves to be quite so-
phisticated, because this notion of connectedness is not intrinsically a monotone prop-
erty. In order to overcome the challenges caused by non-monotonicity, we make use
of various techniques. In Section [I.3.3] we show how we can partition the subcritical
regime in suitable subintervals and prove that whp throughout each of these subinter-
vals a minimal obstruction exists. This enables us to prove that whp for any p before
the threshold G, is not j-cohom-connected.

For the analysis of the supercritical case, in Section we introduce auxiliary
structures, called local obstacles, whose presence in G, behaves in a monotone way.
Moreover, we use the concept of traversability to develop a search process that allows
us to carefully bound the number of remaining obstructions.

Many of these techniques can be extended to the model G(n,p) generated by the
non-uniform random hypergraph, which is studied in Chapter @] Nevertheless in this
case, we have to show that a phase transition happens if we make the process associated
with the complex evolve along a j-critical direction, which we describe in Section [I.3.5}

1.3.1 Coupling with a two-type branching process

In Theorem which is proved in Chapter [2 we consider j-connectedness (Defini-
tion |1.1.4) in the random k-uniform hypergraph #H,. We investigate the asymptotic
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size and structure of the largest j-components, in the subcritical regime with respect
to py defined in .

One natural approach to analyse a j-component is to define a component search pro-
cess via a breadth-first search algorithm which explores the j-sets and the hyperedges
of the component. However, to obtain precise bounds on the size and order of the
largest j-components we upper couple this component search process with a two-type
branching process (Lemma7 whose evolution is easier to analyse.

For the component search process, we consider j-sets and k-sets of [n], which we
label neutral, active, or explored and use a queue to stock active j-sets and k-sets.
Initially all j-sets and k-sets are neutral. The algorithm is then defined as follows.

e We start by choosing a j-set Jy, which we label as active and put in the queue.

e If the queue is not empty, an element pops out from the queue.

— If the popped element is a j-set J,, then we query every k-set K containing
J. and if K is neutral and forms a hyperedge in H,, then we label it as
active and add it to the queue. Once we have queried every K, we label J*
as explored.

— If the popped element is a k-set K., then we consider every j-set J C K,
and if J is neutral, then we label it active and add it to the queue, whereas
K™ is labelled as explored.

e If the queue is empty, the algorithm stops and we have found the whole j-
component containing Jy.

Nonetheless, in terms of finding an upper bound on the size of the j-components, the
described search algorithm is difficult to analyse. We therefore introduce the two-type
branching process T, where each vertex is either of type j or of type k, representing a
j-set or k-set of [n], respectively. The branching process T starts with a vertex Jy of
type j as the root and evolves as follows.

e For each vertex J of type j (i.e. for every j-set J), we consider the collection
K of all k-sets containing J to be the set of possible children of J. For each
K € K, we generate a new vertex of type k independently with probability p.

e For each such new vertex K of type k, we then attach (’;) — 1 many new vertices

of type j, corresponding to the j-sets in (Ij) \ {J}.

Thus, an instance of T constructs a rooted two-type tree, where the number of

children of a vertex of type j is distributed as Bi ((Z:;), p), whereas each vertex of

type k has (’;) — 1 children deterministically. This enables us to accurately bound the
number of possible instances of 7 of fixed size (i.e. number of vertices of type k) via
enumerative techniques (Lemma.

The key observation is that we can use the two-type branching process T to control
the evolution of the component search process. More precisely, in Section 2.3] we prove
the following.
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Lemma 1.3.1. There exists an upper coupling of the component search process on j-
components of H, with (’;) copies of the two-type branching process T. In particular,
for any given s € N, the expected number of j-components of H, of size at least s is
not larger than the expected number of instances of T of size at least s.

With this coupling argument, we can use the bounds on the number of possible
instances of 7 to derive an upper bound on the expected number of j-components
with size larger than a fixed value. By applying Markov’s inequality, we can then
show that if we run (at most) (?) component search processes (each one starting
from a different j-set), whp no j-component of size larger than the value claimed in
Theorem [1.2.1| will be discovered, thus obtaining an upper bound on the size of the
largest j-components (Lemma [2.2.1)).

For a matching lower bound, we introduce wheels (see Section , which can be
viewed as a higher-dimensional analogue of cycles in graphs, and thus they are obstacles
for a j-component to be a hypertree. By bounding the number of wheels from above
(Lemma , in Section we are able to show that whp all j-components of
sufficiently large size are hypertrees and to find the desired lower bound on the size of
the largest j-component by a second moment argument (Lemma.

1.3.2 Determining the threshold via minimal obstructions

In order to determine a threshold for j-cohom-connectedness of the random k-complex
G, (Theorem[1.2.5)), we need to identify the minimal obstruction to the vanishing of the
cohomology groups of G, and prove that this is also the critical obstruction, meaning
that whp the disappearance of all the minimal obstructions from G, corresponds to
the time at which G, becomes j-cohom-connected.

As we will see more formally in Chapter [3| for any j € [k — 1] a non-trivial element
of the cohomology group H’(G,;Fs) is an equivalence class represented by an Fa-
valued function defined on the j-simplices of G,, which satisfies specific properties
(see Definition . Hence, the existence of such a function—which we call a bad
function—yields the non-vanishing of H’(G,;F2). We are interested in determining
under which conditions we are able to define a bad function whose support, i.e. the set
of j-simplices mapped to 1, is minimal.

Observe that in the model ), defined in [48,/53|, which includes the full (k — 1)-
dimensional skeleton, the minimal obstruction to the vanishing of H*~1(),;Fs) is an
isolated (k — 1)-simplex, i.e. a (k — 1)-simplex which is not contained in any k-simplex
of Vp. We cannot expect the same type of minimal obstruction in our model G,
because by definition isolated (k — 1)-simplices do not exist in G,. We therefore define
M; (Definition , a specific configuration of simplices that is a witness for the
existence of a minimal bad function, if present in G, (see Section [3.3.1)).

Instead of providing a formal argument, here we locate the candidate threshold for
j-cohom-connectedness by considering a simplified version of the minimal obstruction.
A pair (K, C) is said to form a copy of M, (see Figure in G, if K is a k-simplex
and C' C K is a (j — 1)-simplex such that every j-simplex of the set

F(K,C):={CU{w} |we K\C}
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is contained in no other simplex of G,,.

C2

Figure 1.1: A copy of M for k =5 and j = 2, where K = {c1, c2, wo, w1, w2, w3} is
a k-simplex and C' = {¢1,c2} is a (j — 1)-simplex contained in K. Each j-
simplex C'U {w;} for i = 0,1,2,3 (grey) is contained in no other k-simplex
except K.

A copy of the minimal obstruction M; can be described as a copy of M ;. with the
additional property that one of the j-simplices in F(K,C) is part of a j-cycle, i.e. a
collection of j-simplices such that every (j — 1)-simplex is contained in an even number
of j-simplices of this collection (see Section for an overview on cohomology nota-
tion). Indeed, we will show that in the probability range of our interest the required
j-cycle is very likely to exist (Lemma, thus the presence of M;" and of M; are
essentially equivalent events. Hence, in order to heuristically guess the threshold for
our studied property, we compute the expected number of copies of M~ and determine
when this expectation becomes constant.

Consider a pair (K, C'), where K is a (k+ 1)-set and C C K is a j-set. By definition
of G,, the set K forms a k-simplex with probability p. Moreover, each of the (j + 1)-
sets in F (K, C) is not present in any other k-simplex with approximately probability

(1- p)(kij) ~ exp (—%p), and in total we have k£ — j + 1 many such j-sets.
Since there are ©(n**1) ways of choosing such a pair (K,C), we can approximate

the expected number of copies of M, by © (nk“p exp (—%p)) We are

interested in the value of p such that n*tlpexp (—%p) = 1. With easy
computations, we derive that this holds approximately when
j+1)logn +loglogn + O(1 )
p— Ut Dlosn tloglogn + O0) ;. _ 5,
(k—j+1)nk-J
which corresponds to the value p; defined in (1.2).
In Theorem [[.2.5] (i), we in fact formally prove that the value

pu; = sup{p € [0,1] | G, contains a copy of M}, (1.3)

(i.e. the birth time of the k-simplex which causes the last minimal obstruction M; to
disappear) is whp close to the heuristic value p;.
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1.3.3 Subcritical case: splitting the range and covering the intervals

In order to prove the subcritical case (i.e. statement (ii)) of Theorem a stan-
dard application of the second moment method does not suffice, because of the non-
monotonicity of j-cohom-connectedness. We thus have to find different techniques to
circumvent the challenges produced by non-monotonicity.

More precisely, it is not sufficient to show the existence whp of some bad function
slightly before the hitting time pas, (defined in ), because it is not guaranteed
that this obstruction was present throughout the subcritical regime. Rather we have
to show that whp G, is not j-cohom-connected for any p up to pu;, i.e. for any such
p there exists 0 < i < j such that H*(G,;F2) is “non-trivial”. We achieve this by
splitting the subcritical probability range [0, pas;) in j+ 1 subintervals and by showing
that whp minimal obstructions to the vanishing of some of the cohomology groups
exist throughout all of these subintervals.

We first consider the zero-th cohomology group. The threshold pyy, for the vertex-
connectedness of the uniform hypergraph which generates the random complex G,
is known (see e.g. [19,/56,[57]), thus we have that whp HY(G,;F2) # Fy for every
pe [OapMo)'

To complete the subcritical case, our strategy is to consider for j € [k—1] the interval
[Pn;_.,Pum;) and to show that whp for any p in this range the j-th cohomology group
of G, does not vanish, due to the presence of minimal obstructions. To this end, we
prove the following.

Lemma 1.3.2. Let j € [k — 1]. With high probability, there erist three copies M,
with £ = 1,2,3, of the minimal obstruction M; such that for all p € [par,_,,Pu;),
the copy Mg is present in G, for some £. In partzcular whp HI(Gp; Fa) # 0 for all

pe [’PMJ,UPMJ)

For any ¢ € [j], we consider the minimal obstruction M; to the vanishing of the i-th
cohomology group and the related hitting time pys,. We then apply Lemma with
j replaced by any ¢ € [j] and obtain that whp for any p in the interval [pas,_,,pas,) we
have H*(G,;F2) # 0. In this way, we can show that whp G, is not j-cohom-connected
in

’ (whp)
[0, o) U Py Pyvn) = [0,p6;),

thus proving Theorem (ii).
To prove Lemma we subdivide [pas;_,,pas;) into three subintervals

[pMjflvaWj) = Il U 12 U 137

and show that whp a copy of M exists throughout each subinterval I, with £ = 1,2, 3.
Observe that we cannot expect to cover the interval just by one copy of M;. Indeed,
we know that pys; is the birth time of the k-simplex which causes the last copy of
M; to disappear, but the k-simplex which formed this copy of M; is very unlikely to
already exist at around time PM; 15 because PM;_; <K DM by Theorem m (1).
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In order to cover the three subintervals, we use a combination of a second moment
method and concentration arguments (such as Chernoff bounds), depending on the
specific range of probability. In particular, we use the following approach.

e At the beginning of I, whp G, contains “many” copies of M, at least one of
which survives throughout the interval I;.

e At the end of I, whp there are “many” copies of M;, one of which already
existed at the beginning of this interval.

e The last copy of M;, which disappears at time pys;, whp already existed at the
beginning of the interval I3.

1.3.4 Supercrtitical case: local obstacles and search process

To prove Theorem:@l (iii), we will show that whp for every p > pys; no bad functions
can appear in G,. By definition, there are no copies of M; after pys;, but we also have
to exclude other “larger” obstructions.

We therefore want to bound the number of possible bad functions that can arise in
the supercritical case, and thus also bound the probability that they exist. However,
non-monotonicity of j-cohom-connectedness imposes particular challenges. Indeed, we
need to prove that the probability of G, not being j-cohom-connected is small enough
that we can apply a union bound over all p > pay;-

We first consider the notion of a local obstacle (Definition[3.4.8), which is a k-simplex
that contains at least K — 7 — 1 many j-simplices which are not present in any other
k-simplex of the complex. We show that after the threshold pys; no new local obstacle
can appear, because, in contrast to j-cohom-connectedness, the presence of a local
obstacle is a monotone decreasing property in G, (Lemma. We then prove that
if the support of a bad function appears in G, for some p > pys; and has constant size,
then it would create a local obstacle, whose presence was excluded in this regime.

For supports of larger size, we need to adopt a different approach. We consider the
cohomology classes of bad functions and we show that the smallest support of elements
in any of these classes satisfies the following property of traversability (Lemma.

Definition 1.3.3. Let S be a collection of j-simplices in G,. For 01,02 € S, we set
o1~ o0y if o7 and o9 lie in a common k-simplex.
We say that the set S is traversable if the transitive closure of ~ is S x S.

This in particular means that such a support can be discovered via a breadth-first
search process: start from any j-simplex in the support and query all (k + 1)-sets
containing it. For any of these sets which forms a k-simplex, we discover all other j-
simplices within this k-simplex which belong to the support and continue the process
from them according to some pre-determined order, but we explore only (k + 1)-sets
which would give us some previously undiscovered j-simplex. The traversability of the
support guarantees that we discover all of its j-simplices in this process.
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Thus we can use this search process to accurately count the number of large “bad”
supports and in turn obtain a suitable bound on the probability that any such support
exists in G, for some p. In this way, we can prove that G, is j-cohom-connected for all
p > puy; simultaneously.

1.3.5 Critical direction

In Chapter [i] we study the random d-complex G(n,p) arising from the random non-
uniform hypergraph (Definition [1.2.8)), where given the d-tuple of probabilities p =
(p1,-.-,pd), every (k + 1)-set (together with its downward-closure) is present as a
k-simplex with probability pg, for every k € [d]. We consider R-cohomological j-
connectedness defined as the vanishing of the cohomology groups over an arbitrary
abelian group R and show that this property undergoes a phase transition (Theo-
rem [1.2.9)).

We also prove that whp this phase transition occurs around the time when the last
minimal obstruction Mj,k (Definitions and disappears. We will see that a
copy M;, represents a generalisation of the structure M; defined for G,, which in the
model G(n,p) can be formed by a k-simplex for any j < k < d. In this way, we are
able to extend the main ideas used in the uniform model G, to this more general case.
In particular, similarly as in the uniform case, we partition the subcritical regime
and show the existence of minimal obstructions throughout any of the considered
“subregions”. For the analysis of the supercritical case, we generalise the concept of
local obstacles and the definition of the search process for traversable supports, to
obtain suitable bounds on the probability that obstructions exist in this regime.

In order to adapt these techniques to the non-uniform case, we will interpret G(n, p)
as a process. As explained in Section we fix a direction p = (1, ..., pq) and set
p = 7P, so that we can study the evolution of the process G, = G(n,7p) in terms of
the time parameter 7. In Theorem [I.2.9| we consider a particular direction p, which we
call j-critical, such that the last copy of Mj,k is likely to disappear at time 7 “close”
to 1, i.e. when p is roughly p.

We now give an idea of how we can determine such a j-critical direction. First of
all, for a given tuple p = (p1,...,pq) we have that the probabilities pj, with k € [j — 1]
have no influence on the j-th cohomology group H’(G,; R), so we only have to consider
the probabilities py for 7 < k < d. If we look at a single probability pg, i.e. consider

p=(0,...,0,px,0,...,0),

when R = Fy and j + 1 < k < d, Theorem yields that the critical range for

j-cohom-connectedness lies around

(j 4+ 1)logn + loglogn
(k—j+1)nk-J

Pr = (k—j)L
Therefore, even when considering general coefficient group R, it is reasonable to scale
the chosen direction p in such a way that g = O(:98%) for every j + 1 < k < d.

nk—J
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More precisely, we will see that we can restrict our attention to a j-admissible
direction p (Definition {4.2.1)), for which there are real-valued constants ax, Jx, and a
function By = Br(n) (satisfying specific properties) such that for each k € [d] we have

B olklogn+5k( — )
kT itk -

Furthermore, for any & we find an asymptotic expression for the expected number of
obstructions M k> in terms of the parameters &y, B, and 7y, (Lernma . In this
way, a j-critical direction can be defined as a j-admissible vector such that there exists
a dimension k£ with j < k < d which is “critical” for the disappearance of the last copy
of Mj &, while whp all the other minimal obstructions have already disappeared. We
discuss this parametrisation in more detail in Sections [4.2.1| and [4.10]

1.4 Discussion

In this section we summarise the main results of this thesis and discuss future research
work.

In Section we consider our results on the subcritical random hypergraph and
examine the conditions we impose to prove Theorem [I.2.1] Moreover, we address the
symmetry phenomenon that the random graph displays at the moment of the threshold
for the appearance of the giant component, aiming to describe a similar phenomenon
for j-tuple connectedness in the random hypergraph.

In Section [1.4:2] we discuss alternative models of random simplicial complexes, as
well as other notions of higher-dimensional connectedness that can be defined in G, in
order to better understand the structural properties of our model.

1.4.1 Weakening conditions and symmetry phenomenon

The main contribution of Chapter [2]is Theorem [[.2.1} where we determine the asymp-
totic size of the largest j-components of the binomial random hypergraph #,, in the
regime before the appearance of the giant j-component. More precisely, our result
holds under the condition (*n)/(logn)? — oo, which is required to prove the lower
bound on the size. Although the lower bound might still hold for smaller &, in this
case we no longer expect the largest components to be hypertrees, thus new proof
techniques would be needed. On the other hand for the upper bound, the afore-
mentioned condition can be replaced by the two weaker conditions e3n/ — oo and
(e2n*=7)/logn — co. In particular, the condition *n/ — co was conjectured in [20)
to be the critical window, whereas further study is required to determine if the condi-
tion (£2n*77)/logn — oo is solely needed for our specific proof strategy or represents
a necessary restriction (thus disproving the conjectured critical window).

As mentioned in Section 2} the random graph G(n,p) exhibits a symmetry phe-
nomenon in the range of the phabe transition that occurs around p = 1/n (Theo-
rem : the supercritical random graph with the giant component removed is ap-
proximately distributed as the subcritical random graph, meaning that the connected
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components have very similar order and structure in these two cases. It would be in-
teresting to show the occurrence of analogous symmetric behaviour for H, at around
the threshold for the appearance of the giant j-component. However, this case is more
challenging: although the asymptotic order of the giant j-component was determined
in |20], the analysis of the structure of the remaining j-components is made compli-
cated by the fact that they consist of j-sets rather than vertices. Thus, the distribution
of the supercritical hypergraph with the giant j-component removed strongly depends
on how the j-sets in the giant j-component are distributed across the vertex set.

1.4.2 Alternative random complexes and other topological aspects

The higher-dimensional analogue of graphs that we study in Chapters [3] and [] is
provided by random simplicial complexes that arise from the downward-closure of
random hypergraphs. Indeed, this is not the only possibility for defining random
complexes. For instance, one can naturally generate a simplicial complex starting from
a random graph. One example is the flag complex or clique complex on vertex set [n],
where every non-empty subset S C [n] forms a simplex if and only if S forms a clique
in the binomial random graph G(n,p). Another alternative is given by the random
neighbourhood complexr, whose simplices correspond to all non-empty sets of vertices
with a common neighbour in G(n, p). Topological properties of the flag complex and
the neighbourhood complex have been analysed in [24,/41,|42] and [40], respectively,
and further study might lead to a richer understanding of these structures.

On the other hand, in Theorem we determine the (single) sharp threshold for
Jj-cohom-connectedness in G,, defined as the vanishing of cohomology groups over Fo,
but there are other possible concepts of higher-dimensional connectedness that stem
from algebraic topology. Famously, the simple connectivity of a simplicial complex,
defined as the vanishing of its first homotopy group, is another interesting topological
aspect of such structures. Indeed, Babson, Hoffman, and Kahle 5| determined the
threshold for the simple connectivity of the random 2-complex ), defined in [48]. It
would be interesting to investigate such a property in our model G, as well, in the
probability range where the two models do not coincide. Furthermore, requiring all
the homotopy groups m1(Gp), ..., m;(Gp) to vanish would yield an even stronger notion
of connectedness.

In Theorem we determine the asymptotic distribution of the dimension of
HI(G,;Fy) within the critical window of the threshold for j-cohom-connectedness.
However, one might also be interested in characterising this dimension before the
point of the phase transition, for instance by exactly determining the regime where
whp the j-th cohomology group first becomes non-trivial.
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2 Subcritical random hypergraphs,
high-order components, and
hypertrees

2.1 Introduction

2.1.1 Motivation

One of the most prominent results on random graphs is the so-called phase transition in
the order of the largest components, first discussed by Erdés and Rényi in their seminal
work [29]: a small change in the edge density around the critical value drastically alters
the structure and order of the largest components. Their result was improved for
example by Bollobés |9] and Luczak [50] and is often stated for the binomial random
graph G(n,p), a graph with vertex set [n] := {1,...,n} in which each pair of vertices
is present as an edge with probability p independently. Throughout the paper, log
denotes the natural logarithm and we say that an event holds with high probability
(whp for short) if the probability that it holds tends to 1 as n — oo.

Theorem 2.1.1 ([9)/10,29,)50]). Let 0 < ¢ < 1 be a constant or a function in n
satisfying € — 0 and \ := £3n — co. For each i € N, let C; = C;(G(n,p)) denote the
number of vertices in the i-th largest component in G(n,p).

(1) If p= (1 —e)n~t, then whp every component is either a tree or unicyclic, and
for every constant i > 1, the i-th largest component is a tree. Furthermore, for
any function w = w(n) — oo, whp

’Cl —at (log)\ — gloglog A)‘ < we™ 2,
where a = —¢ — log(1 — &) = €2/2 4+ O(e®) and C; = (2 + o(1))e2log(\) for
1> 2.

(2) If p= (1 +&)n~1, then whp the largest component contains at least two cycles
and
C1 = (1+o0(1))2en.

Furthermore, for every i > 2, whp the i-th largest component is a tree with
Ci = (2+0o(1))(e"%log \) and in particular, for any function w = w(n) — oo,
whp

‘02 —pt (log/\ - Zloglog)\> ’ < we™ 2,
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where 3 =¢ —log(1+¢) =¢&2/2+ O(?).

Note that in the supercritical random graph (i.e. when p = (14 ¢)n~1), the largest
component is substantially larger than the second largest component and therefore it
is also called the giant component. Theorem displays a symmetry between the
structure of the subcritical random graph and the supercritical random graph with the
giant component removed.

Since this result, various models of random graphs have been introduced and anal-
ysed for similar phenomena. For instance, considerable attention has been paid to
random regular graphs (see e.g. |10,/62] for an overview). As for G(n, p), this random
graph model is “homogeneous”, meaning that all vertices are equivalent, and whp all
vertex degrees lie within a small range. In contrast, many random models for “real-
world” graphs show highly inhomogeneous behaviour with a large spread of degrees,
whose distributions often follow a power law. Thus, also the phase transition in inho-
mogeneous random graphs such as scale-free graphs [12] and distance graphs [1] has
been investigated [11], with a wide analysis of the subcritical case (see e.g. [37L[61]).

Higher-dimensional analogues of random graphs and their phase transitions have
also drawn particular attention. The most commonly studied higher-dimensional ana-
logue of G(n, p) is the binomial random k-uniform hypergraph H*(n,p) defined below.
Amongst other properties, vertex-connectedness [2}|7}8,/13.|{14%/45,/46L/57H59] and high-
order connectedness (also known as j-tuple-connectedness) [20-22] of H*(n,p) have
been extensively studied and will be discussed in more detail in Section [2.1.3] In
parallel, Linial and Meshulam instigated research into random simplicial complexes,
which have since also been extensively studied |17,{441/48L{49L[53].

Before stating our results, we introduce the necessary concepts. Let & > 2 and
1 <j <k—1 be integers. A k-uniform hypergraph H is a pair H = (V, E), where V
is the set of vertices and E C (‘;), a collection of k-element subsets of V, is the set of
hyperedges. An {-element subset of V is called an ¢-set of V' (or £-set for short). A pair
{J1, 2} of j-sets are called j-tuple-connected (j-connected for short) in H if there is a
sequence of hyperedges K1, ..., K, such that J; C K3, J» C K,;, and |K; N K;11| > j
for all 1 <4 < m — 1. Additionally, any j-set is always j-connected to itself. The
j-connected components (j-components for short) of H are equivalence classes of the
relation ~; defined by J; ~; Jo if and only if J; and J; are j-connected. In other
words, a j-component is a maximal collection of j-sets that are pairwise j-connected.
Given a j-component 7, it also comes naturally with a set of hyperedges K7, which
are the hyperedges containing any of the j-sets in J. In a slight abuse of terminology,
we say that the j-component J also contains the hyperedges K 7. The order of a
j-component denotes the number of j-sets it contains, and the size of a j-component
denotes the number of hyperedges it contains. A hypertree j-component (a hypertree
for short) is a j-component that contains as many j-sets as possible given its size,
i.e. if it has size s and order ¢, then t = 1 + ((I;) — 1) s. The case k =2 and j =1
corresponds to the classical concepts in a graph.

We denote by H*(n,p) the random k-uniform hypergraph with vertex set [n], in
which each hyperedge is present with probability p independently. When parameters
are clear from the context, we use H as a shorthand for H*(n, p). The following higher-
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dimensional analogue of the random graph phase transition for 4 and j-connectedness
was obtained in [20H22].

Theorem 2.1.2 (|20122]). Given integers k > 2 and 1 < j<k—1, lete =e(n) >0
satisfy e — 0, e3nd — 0o and €2n'~2% — 00, as n — oo, for some constant § > 0. Let

v ()2

(1) If p = (1 —€)po, then whp all j-components of H*(n,p) have order O(¢~%logn).

(2) If p = (1 + €)po, then whp the order of the largest Jj-component of H* (n,p) is
(I1+o0(1)) (,%‘il (), while all other j-components have order o(en’).

J

The aim of this paper is to strengthen Theorem in view of Theorem [2.1.1
by taking a closer look at the subcritical case and addressing the following natural
questions.

(a) What are the precise asymptotic order and size of the largest j-component of
H*(n,p)?

(b) What does the largest j-component look like? Is it whp a hypertree or some
other more complex structure?

2.1.2 Main result

In Theorems and the order of a j-component was studied. In this paper,
we concentrate on the size of a j-component, i.e. the number of hyperedges it contains.
Therefore, whenever we talk about the i-th largest j-component, the ranking is deter-
mined by the size rather than the order (i.e. the number of j-sets it contains). Observe
that in the range of the hyperedge probability in our study, whp the order and size of
the largest j-component only differ roughly by a multiplicative constant ¢y = (’;) —1.
As a consequence, we also derive the order of the largest j-components.

Before stating our main result, we introduce the following notation. Let (X,)n>0
be a sequence of random variables and (ay),>0 a sequence of positive real numbers.
We say that X, = O,(ay,) if for every v > 0 there exist C,, and ny € N such that
Pr(|X,| < Cya,) > 11—~ for every n > ng. It is easy to see that X,, = Op(a,,) if and
only if Pr (| X,,| < wa,) — 1 for every function w = w(n) — co.

Theorem 2.1.3. Given integersk >2 and1 < j<k—1, ande =e(n) with0 <e <1
such that
e*n
(logn)?

— 00, (2.1)

let
<k> 1 - (n _j> - ) e —log(l—¢) d MN:=¢g3 <n>
co:=|.)]—1, po:i=c . , = —c — - an = .
RV O k- & j
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Fori € N, let L; = L;(H¥(n,p)) be the i-th largest j-component of H¥(n,p), and let
L; be the size of L;. Let m € N be fized. If p = (1 —¢)po, then whp for any 1 <i <m,
the component L; is a hypertree, and has size

L;=6"" (log)\ — gloglog)\ + Op(1)> .

Furthermore, even if we replace condition (2.1) by the weaker conditions

e3nd — oo, (2.2)
e2nk=i
g7t 00, (2.3)

we still have the same upper bound
1 5
L1 <4 log)\—iloglog/\JrOp(l) .

We note that the critical probability po differs from py (defined in Theorem
by a factor of 1+ O(n~1!). This is because we analyse a range closer to criticality,
which requires a more precise value of pg.

We also note that the coefficient —5/2 before the loglog A factor in Theorem is
the same as that in Theorem [2.1.1] for graphs, and arises from the universal asymptotic
behaviour of various families of labelled trees, i.e. connected acyclic graphs. More
precisely, the asymptotic number of trees on t vertices in such a family has the form
c-tly't%/2 with ¢ and v depending on the precise nature of the family. The proofs of
both Theorem and Theorem [2.1.3] involve asymptotic counting of such families
of trees, and the coefficient —5/2 comes from the common polynomial factor ¢~°/2. In
the case when the trees are rooted, which is more commonly considered, the exponent
—5/2 would become —3/2 (see [33] Section VIL.3]) — the extra factor of ¢ comes from
the choice of the root.

Since Theorem states that, as long as e satisfies condition , whp the
largest j-components are hypertrees (and therefore for each such component its size s
and order t satisfy s = cot+ 1), as a corollary we can determine their order and obtain
the following result.

Corollary 2.1.4. Let k,j,e,¢c0,6, A\, L;,p be as in Theorem [2.1.5, where € satisfies
condition (2.1). For i € N, let M; = M; (’Hk(n,p)) be the order of L;. Let m € N be
fized. Then whp for any 1 < i < m we have

M; =coLi+1=cyd? <log)\ — glog log \ + Op(1)> .

Note that when &k = 2 and j = 1 (i.e. the graph case) Corollary gives exactly
M; =6 (logA — S loglog A + O,(1)), as stated in Theorem (1).
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2.1.3 Related work

The case j = 1 of j-tuple-connectedness corresponds to vertex-connectedness of the
random hypergraph H*(n,p) and is the most studied among the higher-dimensional
analogues of the phase transition in G(n,p). Enumeration results for the asymptotic
number of 1-connected k-uniform hypergraphs were obtained by Karonski and Luczak
[46], later improved by Andriamampianina and Ravelomanana [2] via enumerative
techniques. The threshold for the emergence of the giant 1-component, i.e. p = (k —

1)t (Z:}) 71, was first determined by Schmidt-Pruzan and Shamir [59]. Subsequently,
Karoniski and Luczak [47] studied the distribution of the order of the largest component
in the early supercritical regime. The studied range was extended by Ravelomanana
and Rijamamy [58], although they only computed the expected order of the largest
component and not its distribution. Behrisch, Coja-Oghlan, and Kang |78] provided
central and local limit theorems for p(k —1) (Zj) > 1+¢, with € > 0 arbitrarily small
but fixed, while more recently Bollobds and Riordan [13] showed that the distribution
of the order of the largest component tends to a normal distribution for every e =
w(n=1/3).

Vertex-connectedness was also studied for a model of non-uniform random hyper-
graphs, in which the probability for a hyperedge of size t to belong to the hypergraph
depends on a parameter w;. In particular, de Panafieu |26] determined the critical
value at which the first complex component (i.e. connected component with more than
one cycle) appears.

In contrast, the case j > 2 is not yet well-understood. Cooley, Kang, and Person
[22] determined the threshold py for the appearance of the giant j-component and
subsequently Cooley, Kang, and Koch [20,[21] refined this result by determining the
asymptotic order of the largest j-component after the threshold and by showing that
the second largest component has much smaller order (see Theorem . However,
the subcritical regime was not analysed, which is the aim of this paper.

Moreover, the analysis of the vertex-connectedness case shows a symmetry property:
the supercritical hypergraph with the giant component removed behaves as a subcrit-
ical hypergraph (with slightly modified parameters). It is not immediately clear that
such a behaviour should also hold in the high-order case (j > 2) and we believe that
our study will help to obtain results in this direction.

2.2 Proof of Theorem 2.1.3

In order to prove Theorem we bound the size of the largest j-component from
above and below: we prove that whp there is no j-component of size larger than the
claimed value (Lemma and that for any size smaller than the claimed value,
there is at least one j-component (and indeed a hypertree component) with larger size
(Lemma [2.2.2).

In Section[2.3] we define the component search process which explores a j-component
starting from a j-set, and a two-type branching process which gives an upper coupling
on the search process (Lemma [2.3.1). We will make use of these processes to obtain
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the following bound on sizes of j-components:

Lemma 2.2.1. Let k,j,&,8, \,p be given as in Theorem |2.1.3, where € satisfies the
weaker conditions (2.2]) and (2.3) but not necessarily the stronger condition (2.1)), and
let K(n) — oo. Whp, H*(n,p) contains no j-component of size larger than

61t (logA - gloglog)\ + K(n)> .

Lemmawill be proved in Section To this end, we bound from above (and
below) the number of possible instances of the two-type branching process of a certain
size (Lemma [2.4.1)), which are the so-called rooted assigned two-type trees. Using the
coupling argument of Lemma, we obtain an upper bound on the expected number
of j-components whose size is larger than a fixed value. We conclude by applying
Markov’s inequality to prove that if we run (at most) (?) component search processes
(each one starting from a different j-set), whp no component of size larger than the
claimed value will be discovered.

In Section we obtain the lower bound on the sizes of the largest j-components
and show that they are indeed hypertrees.

Lemma 2.2.2. Let k,j,&,5, A, p be given as in Theorem where € satisfies (2.1)),
and let K(n) — oo. For any constant m € N, whp the m largest components of
HE(n,p) are hypertree components, each of size at least

61t (logA — glog log A — K(n)) .

To prove Lemma [2.2.2] in Section [2.5] we introduce wheels, which can be viewed
as a higher-dimensional analogue of cycles in graphs, and bound their number from
above (Lemma . This will allow us to prove that for a certain range of s, most
of the instances of our two-type branching process of size s correspond to hypertree
components (Lemma [2.5.2)). Thus, we derive the desired lower bound by estimating
the expected number of j-sets in large hypertree components (Lemma and by
a second moment argument. Finally, we show that whp in the considered range all
components of sufficiently large size are hypertrees (Lemma [2.5.4)).

Proof of Theorem[2.1.3 In the case (IOE;% — 00, i.e. when holds, Theorem
follows directly from Lemmas [2.2.1| and

In the case when is replaced by the weaker conditions and , we
observe that Lemma still holds and gives the required upper bound. O

2.3 Search process and branching process
Throughout the paper, we let k, j, €, co, po, 0, A, p be as given in Theorem 2.1.3] For

positive integers n > k, we write n, for the falling factorial ny = n(n — 1)(n —
2)---(n—k+1)=nl/(n—k).
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{b,c,d}
{a,c,d}
{a,d,e}

Figure 2.1: Examples with k = 3, j = 2. Left: a j-component with the two-type tree of
its search process starting from {a,b}. Right: an instance of the branching
process, giving a two-type tree that cannot come from the search process.

We also introduce auxiliary two-type graphs. A two-type graph is a connected bi-
partite graph on a set of vertices of type k and a set of vertices of type j, where
each vertex of type k is connected to exactly (];) vertices of type j. We only consider
two-type graphs with at least one vertex of type k. Furthermore, all of the two-type
graphs that we consider will be labelled in the sense that each vertex is distinguishable.
However, we will also have a second level of labelling, which we refer to as assignment
to distinguish it from the first level of labelling. Thus a two-type graph may be as-
signed or unassigned. More precisely, an assigned two-type graph with assignment set
[n] is a two-type graph with assignments on its vertices, where vertices of type j are
assigned to j-sets of [n] and vertices of type k to k-sets of [n] in such a way that to
each of the (’;) vertices of type j connected to a given vertex of type k with assignment

K e ([z]) is assigned a distinct j-set J C K. Thus an unassigned two-type graph may
be thought of as describing the local incidences of an abstract collection of j-sets and
k-sets, while the assignments indicate exactly which vertices these j-sets and k-sets
will be embedded onto. There is a natural bijection between the set of assigned two-
type graphs with assignment set [n] whose vertices all have distinct assignments and
the set of possible components, i.e. pairs (J, K) which could potentially be the families
of j-sets and k-sets in a j-component of some hypergraph on vertex set [n]. Acyclic
two-type graphs are called two-type trees.

The component search process is defined as follows. We explore j-components in H
via a breadth-first search algorithm: we keep track of disjoint sets of neutral, active
and explored j-sets and k-sets. Furthermore, we refer to j-sets and k-sets that are
either active or explored as discovered. Initially all j-sets and k-sets are neutral. We
use a queue to stock active j-sets and k-sets, and at the start of the algorithm we
choose an initial j-set Jy, label it as active and add it to the queue. When the queue
is not empty, an element pops out from the queue (in a first-in first-out fashion). If
the popped element is a j-set J,, then we consider every k-set K containing J, in
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arbitrary order, and if K is a hyperedge in H but not yet discovered, then we call it
active and add it to the queue. Once we have done this for every K, we label J* as
explored; if the popped element is a k-set K, then we consider every j-set J C K, in
arbitrary order, and if J is not yet discovered, then we call it active and add it to the
queue, and label K* as explored. We continue until the queue is empty, when we have
found the j-component containing Jy. To obtain all the j-components, we only need
to perform the same procedure on neutral j-sets in H until exhaustion. (An example
of the search process is given in Figure )

To prove Lemma we provide in Lemma [2.3.1| an upper coupling on the search
process with the following two-type branching process. Each vertex of the branching
process is either of type j or of type k, and is assigned a j-set or k-set of [n], respectively.
Given a vertex ug of type j, the branching process begins with ug (as the root).

e For each vertex u of type j with assignment J, let K; := {K € ([Z]) | J C K} be
the set of possible assignments of children of u. For each assignment K € K,
independently with probability p, we generate a new vertex v of type k and
assign K to v.

e For each such new vertex v of type k, we then attach (’;) — 1 many new vertices

of type j as children of v, with distinct assignments from (I;) \ {J} (note that
different vertices may have the same assignment).

Thus in particular the number of children of a vertex of type j is distributed as
Bi ((Z:g), p), while each vertex of type k has (’;) — 1 children deterministically.

We denote this branching process by 7, by which we mean the random process used
to produce the assigned two-type tree. A particular tree generated by this process is
called an instance of 7. Note that each instance of T is an assigned two-type tree
rooted at a vertex of type j, which we call a rooted assigned two-type tree. An example
of the two-type branching process is given in Figure The size of an instance of T
is the number of vertices of type k that it contains.

We will use the standard notion of coupling of random variables. Formally, a coupling
of two random variables X and Y is a probability space in which there exist random
variables X', Y” such that

o X'~ X
oY/ ~AY.

We say that Y is an upper coupling for X if furthermore there exists a natural partial
order < in which X’ <Y".

In our case, the random variables X, Y will be the two-type search tree generated by
the component search process and the branching process 7 respectively, and the partial
order < will be containment. Denoting the size (i.e. number of vertices of type k) of
such a tree T by |T, it is clear that X' C Y’ = |X'| < |Y’|, and therefore we obtain a
dominance inequality for integer-valued random variables: Pr(|X| > s) < Pr(|Y] > s)
for any integer s. More precisely, we have the following lemma.
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Lemma 2.3.1. There exists an upper coupling of the component search process on j-
components of H with (’;) copies of T. In particular, for any given s € N, the expected
number of j-components of H of size at least s is not larger than the expected number
of instances of T of size at least s.

Proof. In the component search process, whenever a j-set J becomes active, the set
of k-sets we may query is certainly contained in K; (some may not be permissible
since they have already been queried), and for each k-set K discovered in this way, the
j-sets that become active are all in (Ij )\ {J} (some may not become active if they were
already discovered). Thus, in 7 we may have made some additional queries which are
not made in the component search process, and we may have added some vertices of
type j whose assignments correspond to j-sets not added in the search process. Hence,
one component search process terminated when the component is fully discovered can
certainly be coupled with one instance of 7.

Since we need at most (7;) component search process to discover all j-components,
we can couple with (?) branching processes starting from vertices of type j with all

possible assignments J € ([;’]). More precisely, whenever we start exploring a new
j-component from a j-set J, we upper couple this portion of the component search
process by the branching process starting from a vertex of type j with assignment .J;
using in total (’;) branching processes (although some of them may be left unused) we
have an upper coupling for the search process on all the j-components. O

2.4 Upper bound on L;: Proof of Lemma [2.2.1]

To prove Lemma we first bound the number of possible rooted two-type trees
that can be constructed by the two-type branching process 7. Let B be the set of all
possible instances of 7 and thus also of all rooted assigned two-type trees. For each
s € N, let B be the set of elements in B of size s, which is equal to the set of all rooted
assigned two-type trees with s vertices of type k. Let B be the cardinality of Bs. In
the following lemma we determine the order of Bi.

Lemma 2.4.1. For s € N, we have

NS s—1 g— NS s—1 s—
w\(n=d\T ST g (Y (I S e,
i) \k—1j s! - “\J/\k—J s!

In particular, we have
n\ (n— 5\ (coe)®
B, =0 .
<(J> (k—j) s3/2 )

Proof. We first consider the class of rooted (unassigned) two-type trees with a distin-
guished vertex J of type j as the root and at least one vertex of type k. (Recall that
even in an unassigned two-type tree, the vertices are distinguishable.) We will con-
sider the generating function Ty = T;(z) of this class, where z indicates the number
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of vertices of type k. In other words, T;(z) is a formal power series

where F; is the number of rooted unassigned two-type trees with ¢ vertices of type k.
Then T satisfies the following equation:

Ty(z) =exp(z(1 4+ Ty(2))) — 1. (2.4)
Let W (z) denote the Lambert W-function defined by the equation

z = W(z)exp(W(z)).

We have -
T;(z) = exp (_(—coz)) -1 (2.5)
Co
By the Lagrange Inversion Theorem (see [33, Appendix A.6]), we have
e —g5)i—r—1
Wrz) =" r)TT (2.6)

= (i—7)!

Since W (z) is analytic in a neighbourhood of z = 0 and W (0) = 0, for any function
F(z) analytic in a neighbourhood of z = 0, the composition F (W (z)) is still analytic
near z = 0. Thus, using Taylor expansion we have

T;(2) = exp <_W(;0002>> -yt (_W(—COZ))

r>1 co
=25 ZTCO A=Y E: R
2" —— .
7! (t—r) (r—1E—r)!
r>1 i>r i>1

The number F; of rooted unassigned two-type trees with s vertices of type k is
[2°]T;(z), i.e. the coefficient of z* in T);(z). We obtain

(r—Ds—r)  (s—1)! = 7!

. S Cs—rss—r—l Cs—185—2 s—1 C_TS_T(S _ 1) ”
Fy= [T (z) = 2 : ° .
r=1

As an upper bound, we have

s—1 s 1 S— 1 s—1 s—1
F.o< 0 % % 9§ el/co
s < < — .

| | |
s! —0 r S:

As a lower bound, we have
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In each instance of 7', we have (?) choices for the assignment of the initial vertex of
type j and for each vertex of type k discovered from a vertex of type j, we must choose
k — j new elements among n — j (excluding those already in the parent vertex of type
7). Then the assignments of the next ¢y vertices of type j are already determined.
Therefore, we have the following relation between B, and Fj:

()6

We thus deduce the claimed bounds of B using bounds on Fs. Moreover, by Stirling’s
approximation, we obtain the asymptotic behaviour of Bj:

n\ (n— 7\ (coe)®

BS:Q((j)(k—j) 57 ) .
Proof of Lemma |2.2.1. We consider (;‘) independent instances of the branching pro-
cess T. Let Rs be the random variable which counts the number of vertices of type j
present in total in the instances that have size s. In each such instance, the s vertices
of type k are present with probability p®. For the number of absent vertices of type k
(i.e. which are not selected during the process) in an instance of size s, we observe that
the j-set assigned to the starting vertex of type j is contained in (2:;) many k-sets,
and subsequently for each of the s vertices of type k we discover cq further vertices of

n—j
k—j
we have to consider the s vertices of type k that are indeed discovered. The total
number of absent vertices of type k is therefore

() o (270) 1) et (1)

Therefore, we have

type j, whose assignments are each contained in (( ) — 1) further k-sets. However,

E(R,) < Byp*(1 — p)t+eos) (i) —s(lteo)

=6(1) (?) ((Z _ j) coep(1 - p)%ﬁi—?))s (1 — p) (i) meCbeo)g=5/2,

The last equality is due to Lemma Recall that p = (1 — 5)651(2:?-)71. Using

(1 —p) <e P we have

E(R,) < O(1) (?) ((1 —o) e efu—e))s 4=3/2

exp ((1—s)<1+%1)3(2:§)1_ 1:)

<0o(1) <;‘> exp (s(log(1 — &) +¢)) s~/ exp <25 <Z - ?) 1) .

)
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Since § = —e — log(1 — €), we have

E(Rs) < O(1) (?) exp (—s6) s~/ exp (23 (Z B j) 1) .

Now, let D be the random variable which counts the number of components of H of
size s. By Lemma E(D;) is bounded above by the expected number of instances
of the two-type branching process T of size s. In each such instance every vertex of
type k is connected to exactly co+ 1 vertices of type j, therefore their expected number
is equal to E(R)(co+1)"1s™!, where R, is the number of vertices of type j present in
total in all the instances. Denoting by D>, = >, D; the random variable counting
the number of components of size at least s, we have

E(D>s) <Y E(Ri)(co+1) "t

t>s
Let § =6 (log A — 3 loglog A + K(n)) and 6~ =6 — 2(::?)71. Recalling that
§:=—c—log(l —¢)=¢e?/2+0O(®)

and that 2n*~J(logn)~! — oo (by condition (2.3)), it holds that § = w(n/~*logn),
-1

which means 6~ = ¢ — 2(2:;) = (1 —o(1))d. Thus, we have 6~ > 0 for n large
enough and we obtain

E(D>s) <Y E(Ri)(co+ 1)1t < 0(1) (”) (3)7°2> (e )

t>8 J t>3

<o) (7)o

J 1—e 9"

67§ ]

<o) (?)m/;

Without loss of generality, we may assume that K(n) = o(log A). Therefore, since
e2pk—i
logn

— 00, we have

=i\ 1 n—j3\"" log(e°n?)
S(k‘j) = (14 0(1))d" " (log ) (k:]) —O(l)m
< O(1)(logn)e2n/ =% = o(1).

This leads to

e S =e%exp <2§ (Z‘j) _1> = (1+o(1))e%.
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Since £n? — oo (by condition (2.2)), we have A = £3(") — co. We thus obtain

)
n o e 9% n e 9
A

< O(1)exp <10g (?) - glog ((1 +o(1) = ) ~log A

+ gloglog)\— K(n) —log6>

= O(1) exp <log (Z‘) T glogé ~log (53 <?>) — K(n) — log 5)

=0(1)exp (2 (log(e?) —log2 + log (1 + O(¢))) — log(e®) — K(n))
— O fexp (~K(n)).

Since K (n) — oo, by Markov’s inequality, whp we have D>; = 0, meaning that there
is no j-component of size larger than § = §~!(log A — 3 loglog A + K (n)). O

2.5 Lower bound on L;: Proof of Lemma [2.2.2]

In this section we will prove that # contains a hypertree component larger than a
certain size, which provides a lower bound on L; (Lemma . To this end, we
study the only obstacle for a j-component to be a hypertree, which are the wheels,
a hypergraph analogue of cycles. We first give an upper bound on the number of
possible wheels of length ¢ € N (Lemma [2.5.1). This then implies that almost all
possible (not too large) instances of the two-type branching process correspond to
hypertrees (Lemma. Lemma also implies that whp there are no large non-
hypertree components in A (Lemma[2.5.4)). The proofs of these auxiliary lemmas will
be delayed until Section [2.6

Before giving these proofs, in this section we use the auxiliary lemmas to determine
the asymptotic first and second moments of the number of large components in H,
which will be denoted by S;. Since the second moment is approximately the square
of the first (i.e. E(S2) ~ E(S1)?), Chebyshev’s inequality will imply that whp there
are many such large components, which by Lemma are hypertrees, as required.
This will be made more precise later.

Recall that a hypertree component (i.e. j-component that contains as many j-
sets as possible given its size) corresponds to an assigned two-type tree with no re-
peated assignments. An important structure that may appear in H is the so-called
wheel. A wheel of length £ > 2 is a pair of sequences, one of ¢ distinct hyperedges
Ky, Ks,...,Ky, Kyy1 = Ky and the other of ¢ distinct j-sets Jo, J1,...,Je—1,Je = Jo
such that J; C K;NK; 4 for all 1 < < /£ (see Figure. Two wheels are considered
identical if they only differ by a cyclic rotation or order reversion of the elements of the
sequences. Given a wheel, it lies in a single j-connected component, and the presence
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Figure 2.2: An example of a wheel in the case k = 3 and j = 2.

of a wheel is the only obstacle for a component to be a hypertree. The reason is that
a component ceases to be a hypertree if and only if we encounter the same j-set or
k-set at least twice in the component search process, which makes a wheel. We have
the following enumeration result on wheels.

Lemma 2.5.1. Let w; = wy(n) be the number of possible wheels of length ¢ > 2, with
vertices chosen from [n]. We have

conF ! 1 i k—m -1
wy < —%——, where ¢, = - . lc_1(<, )1)) .
o b J!(k—J—l)!m_1< C\\j-m

We note that ¢, does not depend on n or £. The proof is postponed until Sec-
tion 2.6.11

Recall that we denote by B the set of possible instances of 7 and by B the elements
in B with s vertices of type k (bounds on B, = |Bs| were given in Lemma [2.4.1). We
now consider the subset B~ of B formed by rooted assigned two-type trees in which
all assignments are distinct, i.e. that correspond to hypertrees, and we denote by B
the set of elements in B~ with s vertices of type k.

Lemma 2.5.2. For s > 2304, we have
By =B =(1-0(s*n"1))B,.
In particular, if s — 0o and also s*>n~! — 0, we have By = (1 — o(1))Bs.

Lemma [2.5.2] will be proved in Section [2.6.2}
Let Cs be the number of j-sets in hypertree components of size s in H. It is clear
that Cs is a lower bound for the number of j-sets in components of size s.

Lemma 2.5.3. For s > 2304 such that s>n~' — 0, we have

E(C,) > O(1) exp <log (?) S glog s) .



Proof. To give a bound on E(Cy), we bound the probability of each element of B
occurring in the hypergraph H. Given a hypertree of size s, the probability that it
occurs as a component in H is at least p*(1 — p)(H'SCO)(::;)7 since each j-set implies
the absence of at most (Z:;) hyperedges, and since the number of j-sets in a hypertree
component of size s is exactly sco + 1. By Lemma we have By = (1 —o(1))Bs.
Using Lemma [2.4.1| and the fact that

1-— p= e—p+0(p2) = e—p+o( sn’i*j)

we have
E(Cy) = Byp*(1—p)* ()
= (1 — 0(1))ng5(1 - p)sco(::f)'f‘(;i:j)

n\ (n—j\" (coe)® s —s(M=3\ " _(1—)s —(1—e)et
= 1 (1 =€) 0
()(j>(kj) gz Lmatp_5) e ‘

= O(1) exp <10g <?) ts— glogs +slog(l—e) —s(1— s)>

— O(1) exp <log <’;> (e —Tlog(1—e)) — glog s> .

We conclude the proof by recalling that 6 = —e — log(1 — €) by definition. O

We also consider components in H that are not hypertree components, and there-
fore must contain a wheel. We have the following lemma, which will be proved in
Section [2.6.3

Lemma 2.5.4. Let s° = s°(n) satisfy s°6 > (j — 1)logn. Then whp there is no
non-hypertree component in H of size larger than s°.

In other words, whp any component containing a wheel has size at most s°. We can
now combine the results of this section to prove Lemma [2.2.2] using a second moment
argument.

Proof of Lemma[2.2.3 We set s* =6 'log A and s, =6~ *(log A — 2 loglog A — K (n))
where K(n) — oco. We assume here K(n) = o(log A) without loss of generality. Fur-
thermore, we set 5o = s, + 6 'K (n)/2 = 6~ '(logA — 2loglog A\ — K(n)/2). Firstly,
we know from Lemma [2.2.7] that whp there is no component larger than s*. Let S
denote the number of j-sets in components of size between s, and s*. Let us observe
that the range of ¢ implies that s, and s satisfy the conditions of Lemma [2.5.3t More
precisely, if s = s,, sg, we have

sl = (1+0(1)) (k’g*)zn—l — (1+0(1)) (mg(?’(”) ot < Qilogn)® o

0 g2 ein
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by our choice of ¢ satisfying condition (2.1)). Therefore we can apply Lemma and
we have the following lower bound by counting only hypertree components:

Z E(C S0 — 54)0(1) exp <log <7;> — 500 — glog so>

5*<5<50
> 0(1 XP< < > log)\+5loglog)\+K;n)—glog(5110g)\)>
>0(1 2 exp —loge® + = log log A + Kén)
3 2 3
+ 51 5 +log(1+O(e)) — Eloglog)\>
K(n)

> 0(1) % exp(K(n)/2)log A = O(1)K (n)exp(K(n)/2)s* = w(s*).  (2.7)

We now show that E(S5%) is approximately E(S;)?. Let ¢ be the probability that a
given j-set is in a component of size between s, and s*, so E(SL) = q(?) For two
j-sets Ji, Ja (not necessarily distinct), let k1, k2 be the components in which they lie,
respectively. Let s1, s3 be the sizes of k1 and k5 respectively. We have

E(Si) = Z Pr(s. < s1 <%, s, < 89 < 5%)

J1,J2
< ZPr(s* <s; < 5*)2Pr(52 > S | sx <81 < 8%).
Jl J2

Given that kp is of size between s, and s*, we want to bound the probability that xo
is of size at least s.. Given the j-set Jo, if Jo € k1, then ko = K1 is of size at least
S«; otherwise, we start a modified search process in the hypergraph, where we do not
query any k-set which contains a j-set in k1. More precisely, we modify the component
search process defined in Section in the following way: whenever a j-set J, pops
out of the queue, rather than considering every k-set K containing J., we consider
only the k-sets of ([Z]) \ K which contain .J,, where K is the set of k-sets which contain
some j-set of k1. This modified search process can be upper coupled by the unmodified
search process 7T, in which all k-sets are still available, but which is now independent
of k1. Therefore, we have

BS) < SPren <o <) (s ((5) 1))
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By Lemma [2.:2.] and Chebyshev’s inequality, we have

Pr(H contains no component of size at least s.) < Pr(S; =0) + o(1)
R(52) — (S, )?
S TR

Similarly, for any fixed constant m the probability that # contains at most m com-
ponents of size at least s, is bounded by Pr(S; < ms*) 4+ o(1). Again by Chebyshev’s
inequality, we have

Pr(Sy <ms*)+o(1) <

The latter equality is due to the fact that E(Sy) w(s*).

We observe that s,.6 = (14 0(1))logA = (1 + 0(1))(3loge + jlogn), and the fact
that e*n > (106,;472)2 — oo (by condition (2.1)) implies that 4loge + logn > 0. We
thus have s,6 > (j — 1)logn for n large enough. By Lemma[2.5.4] we know that whp
all components of size at least s, are hypertree components, including the m largest
components. O

2.6 Wheels: Proofs of auxiliary results

2.6.1 Proof of Lemma [2.5.1]

To construct a wheel with ¢ distinct hyperedges K1, Ks, ..., K, and ¢ distinct j-sets
Jo, J1,. .., Je—1 (and we will set J, = Jy), we first pick a j-set Jy and choose the other
k — j vertices for K;. Subsequently, if we have constructed K;, we pick a j-set J; in
K; that is different from any J;» picked out before, and choose another k — j vertices
to construct K;y1. To make sure that K, constructed in the end includes the initial
j-set Jp, we keep track of vertices in Jy. For each vertex v in Jy = Jy, we say that J;
freezes v if v € Jy for every i’ such that ¢ <4’ < £. We will denote by a; the number
of vertices frozen by J; for 1 < ¢ < ¢, and for each choice of the a; we aim to bound
the number of wheels that achieve these values of a;.

Observe that in order to be an achievable sequence, (ai,...,a;) must be non-
decreasing. Furthermore, by definition, it is clear that only J, freezes all the j vertices
in Jy, thus ay = jand a; < j—1for all 1 <i < ¢ — 1. However, it is important to
note that we do not necessarily have a; = 0, since it may be that some vertices are
present in every j-set of the wheel. We will, however, use the bound ay — a; > 1.

If J; freezes a; many vertices, then J; must be chosen to contain all these a; vertices,
and if J; 11 freezes a;1 many vertices, then a further a;; — a; many vertices must be
chosen from Jy when selecting the k& — j vertices to construct K, from J;. Note that
every wheel can be obtained in our construction, which gives an over-counting, since
for fixed a; we could inadvertently choose vertices such that some are frozen earlier
than necessary.
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Let 79,71, 72,...,7j—1 be integers such that 74 is the number of hyperedges in the
constructed wheel that freeze d vertices in Jy, i.e. the number of a;’s of value d. Since
the a;’s are non-decreasing by definition, we can deduce the a;’s from the 7;’s and vice
versa. We now consider the number of choices in each step. There are (;‘) choices for

Jo and (Z:g) choices for the remaining vertices of K;. Subsequently for each J; that

k—ai

freezes a; many vertices, there are (j_(1 ) — 1 choices. Now, to obtain from J; a k-set

n_j_ai+1+ai)

K1 that can contain a J; 11 which freezes a;;1 many vertices, there are (k_j_a,+1+a,

choices.
The number of constructions wj} (a1, as, ..., a¢) with a1, ..., a, many vertices frozen
by Ji, ..., Jp respectively, is bounded by (with 7;’s computed from the a;’s)

n\ (n—j i = Qi1+ a; = k—m m
i < - B ¢ B —1
wilar,az, ., a0) < (;) (k}j) llj[l (kja¢+1+a7;> 11 ((jm)

m=0

O )

Noting that wheels are considered identical up to rotation and reversed order, and
that (];:ZZ) — 1< ¢ for 1 <m < j—1, by summing over all possible 7;’s (and thus
also a;’s) we have

1
we < — Z wy(ay,ag,...,az)

-2 )
0<ai<az<--<a¢=j

e e ()
T2k )yt m =2 oS co
,nkrfl (1 + i) j—1 (k—m) —1 -1 e mk—i
" _Mmm/ T fwh
(- )

T20 k=~ g 0 po

)
m=1

as required. O

2.6.2 Proof of Lemma [2.5.2)

As in the proof of Lemma [2:4.1] we will use the generating functions of certain com-
binatorial classes: given a class A equipped with a size function |-|: A — Ny, its

generating function
o0
A(z) = Z a;z'
i=0
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is a formal power series in z, in which the coefficient a; of z* is the number of elements
of the class A with size i, i.e.

a; = |{A e A:|A| =1}

We introduce the notion of dominance for comparing generating functions. Recall
that given a generating function F(z), we denote by [z"]F(z) the coefficient of 2" in
F(z). For two generating functions F(z) and G(z), we say that F(z) is dominated
by G(z) (denoted by F(z) = G(z)) if for all n € N we have [2"]F(z) < [2"]G(2).
For generating functions whose coefficients are non-negative integers, the dominance
relation is clearly preserved under by addition, multiplication, differentiation by z and
composition.

We denote by B° the set B\ B~, i.e. the set of all rooted assigned two-type trees
that do not correspond to hypertrees, and B7 the corresponding set of elements with
s vertices of type k. We first look at the structure of elements in B;. We define a two-
type unicycle to be an assigned two-type graph obtained by attaching rooted assigned
two-type trees or nothing to every vertex of type j in an assigned two-type graph
generated by hyperedges in a wheel and the j-sets they contain. Note that vertices
may share the same assignment.

Proposition 2.6.1. There is an injection from BT to the disjoint union of the four
sets QL,Q2,Q3,Q1, where

CRl ER) Ex

(i) QL is the set of tuples (T** (T1,Ts,...,T.,), Ty) with s — 1 vertices of type k
in total, where T** € B contains a marked vertex u of type k, then T is either
empty or in B, with the assignment of its root the same as the parent of u, and
the T;’s are either empty or in B, but the assignments of their roots are fized to
the co many j-subsets of the assignment of u, except that of its parent;

(ii) Q2 is the set of tuples (T, (T1,Ts, ..., Tes,)) with s — 1 vertices of type k in
total, where T*J € B contains a marked non-root vertexr w of type j, and the
T;’s are either empty or in B, but the assignments of their roots are fized to the
co many j-subsets of the assignment of the parent of w, excluding that of w;

(iii) Q2 is the set of tuples (C*F (Ty,Ty,...,Te,)) with s — 1 vertices of type k in
total, where C** is a two-type unicycle with a marked vertex u of type k in the
cycle and a marked vertex of type j, and T;’s are either empty or in B, but the
assignments of their roots are fixed to the co many j-subsets of the assignment
of the marked vertex u, excluding that of the parent of u in a breadth-first search
starting from the marked vertex of type j using the order provided by assignments;

(iv) Q% is the set of tuples (C*9,Ty) with s vertices of type k in total, where C*J is
a two-type unicycle with a marked vertex u of type j in the cycle and another
marked vertex of type j, and Ty is either empty or in B, with the assignment of
its root the same as that of u.

Proof. Let C' be an element of B;. Since C' does not correspond to a hypertree, we
know that C has at least a pair of vertices with the same assignment. We perform a
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breadth-first search (with the order provided by assignments), until we meet a vertex
v with the same assignment as some other vertex u that comes before. There are three
possibilities:

(1) u,v are of type k, sharing the same parent;

(2) u,v are of type k, and u is the grandparent of v;
(3) u,v are of type k, and are at distance at least 4;
(4) u,v are of type j.

In case (1), let w be the common parent of u and v. We first take out v and its ¢y
sub-trees T1,...,T,, rooted at j-sets, then detach all the children (if any) of w that
comes after v, and attach them to a duplicate w’ of w to form a new tree T',. We
finally mark the vertex u and get a rooted assigned two-type tree 7** with one marked
vertex of type k along with the T;’s and T7.. Since C € BY, with v removed, we have
s — 1 vertices of type k. Therefore, the tuple (T'** (T1,Ts,...,T.,),T}) is in Q.

In case (2), we take out v and its ¢y sub-trees T1,...,T,, rooted at j-sets, and we
mark the vertex of type j between u and v. We thus get a rooted assigned two-type tree
T*J with one marked vertex of type j along with the T;’s. Since C' € B2 but v has been
removed, we have s — 1 vertices of type k. Therefore, the tuple (7%, (T}, Ty, ..., T.,))
is in Q2.

In case (3), we take out the ¢ sub-trees T4, ..., T, of v, we merge v and u and we
mark u. The merging gives a cycle formed by the path from u and v to their lowest
common ancestor in the tree, which corresponds to a wheel because no other vertices
have the same assignment in the explored part. We also have two-type trees attached
to its type j vertices. We also regard the original root as a marked vertex of type j.
This is the two-type unicycle C**. Since C € B° and v has been merged with u, we
have s—1 vertices of type k. The assignments of the roots of the T;’s (when not empty)
are fixed to be subsets of size j of the assignment of v, excluding the assignment of its
(original) parent. Therefore, the tuple (C** (11, Ty, ..., T.,)) is in Q3.

In case (4), by construction, the parents of u and v are different. We now separate
off the sub-tree Ty rooted at v, and merge u and v. Similarly to the second case, we
have a wheel with a marked vertex of type j and two-type trees attached to its j-sets,
and also the root as a marked vertex of type j that can be anywhere. This is the
two-type unicycle C*7. No type k vertex has been removed or merged, so there are s
in total. The assignment of the root of T is fixed to be the assignment of u. Therefore,
the tuple (C*7,Tp) is in Q1.

To show that this indeed defines an injection, we only need to observe that for each
construction, the reverse direction has only one possibility. We can identify which
of the three cases we are in from the first element of the resulting tuple. In case
(1), given (T** (Ty,Ta, ..., Ts,), Tv) € Q2, we attach all the T;’s to a new vertex u’
with the same assignment as u, then attach v’ to the parent w of u as the last child,
and identify the root of Ty with w from the right. The root of the new tree is that
of T*7. 1In case (2), given (T (11, Ts,...,T.,)) € Q2, we add a new child to the
marked vertex w of type j with the same assignment as the parent of w, and attach
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all T;’s as its sub-trees. The root of the new tree is the root of T*7. In case (3),
given (C** (Ty, T, ..., T.,)) € Q3, the marked vertex u of type k is adjacent to two
vertices vy, v2 of type j on the cycle (where vy has the smaller of the two assignments).
We replace u by u; and ue, and connect u; to v1 and us to ve (thus breaking up the
cycle into a path). Additionally, all other vertices which were adjacent to u in C'**
are connected to u;. Finally the roots of the T;’s are connected to us. We thus obtain,
a tree which we root at the marked vertex of type j. The construction for case (4) is
similar to that of case (3). O

Before computing B; = |B; | (Lemmal|2.5.2), we give a technical lemma in the spirit
of Laplace’s method.

Lemma 2.6.2. Given any fived integer a > 1, for s > (16a)?, we have

Z iasgi) < 5(2a)a/28(a+1)/2.
S’L
i=1

Proof. We first observe that

. i—1 .
195 b 2
%:exp (alogi+ E log(l—s>> §exp<alogi—jls>.

b=0

Let S(i) = alogi — i?/(4s). The maximum of S(i) (viewed as a function on R rather
than N) occurs at iy = (2as)'/2, with value S(i,:) = 2(log(2as) — 1). Since S”(i) =
—a/i* —1/(2s) < 0 for 1 <i < s, we know that S(4) is concave in this range. We also
observe that, for o > 0, we have

242 2 2

.0 2 1 2
S(aiopt) = alogiop + aloga — a(az rt) = S(lopt) +a <loga + - - a> . (2.8)
opt

Let i* = [(16aslogs)/?]. Tt is clear that i* > i,y 4 1 for s > (16a)? with a > 1.
Since S(4) is concave and i* > i,y + 1, we have

16aslog s
4s

(log s + log(16a) + loglog(s)) — 4alog s

S(i*) < S((16aslog s)*/?) = alog ((16as log 5)1/2)

a

<

NN

(loglog s — 7log s) + glog(16a)7

which is decreasing in s. In the case s = (16a)?, we have S(i*) = aloglog(16a) —
134 ]og(16a), which is clearly negative for a > 1. Therefore, S(i*) < 0 holds for all
s > (16a)?. Therefore, by the concavity of S(i) and the fact that i,y < i* for our
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range of s, we have

s a, i* .9 i*
Z ZS# < Zexp (alogi - Z> + 5 < s+ exp(S(iopt)) +/ exp(S(z))dz
-1 i=1 4s 1
2.8)

“+oo
< s;+exp<s<amo>—+iqnexp<s<umn>e%”l/° exp(a(loga — a?/2))da
0

+oo
< 54 e 2?(2as5)%? + (2a5)(“+1)/2/ exp(—aa?/4)da
0

< 54 (2a5)? 4 2¢/7(2a) /2 sla+1)/2
< (V1/2 41+ 2v/7)(2a)% 250+ 1)/2 < 5(2a)2/25(a+D/2,

In the third line we used loga < a?/4, which holds for all & > 0. This is because
loga — a2 /4 takes its maximum at o = \/?, where it has a negative value. O

We now consider the generating function of two-type graphs corresponding to wheels

w(z) = ngzé, (2.9)

0>2

and that of the set B, and B, denoted by B(z) and B°(z) respectively. By Propo-
sition we can partition B° into four disjoint subsets B, B2, B3 and Bo*
(i.e. the preimages of Ql, Q% Q2 and Q? under the injection) with generating func-
tions B*>1(z), B®2(z), B°3(z), B>*(z) respectively. We thus have B°(z) = B*>!(z) +
B°2(2) + B°3(z) + B>*(z), where [2°]B%¥(2) = |BY| for i = 1,2,3, 4.

From Lemma and the fact that a wheel consists of at least 2 hyperedges, we
have

w(e) = cun iy (log T =it (2.10)
1—-py 2

The generating function w®(z) of two-type graphs corresponding to wheels with a
marked k-set is therefore

zd con® pgtz?

w*(z) = aw(z) = (2.11)

1—p;'z

The generating function of two-type graphs corresponding to wheels with a marked
vertex of type j is dominated by (co + 1)w*®(z), since vertex of type k in such two-type
graphs is adjacent to (co + 1) vertices of type j.

We recall that T;(z) is the generating function of unassigned two-type trees (defined
in ) The generating function of assigned two-type trees with a given j-set as
root assignment is given by T;(py 105 12), since for each vertex of type k, there are
(Z:j) =Py 105 ! choices to complete its assignment from that of its parent, which is of

type j and has a j-set as assignment. We have an extra factor of (7;) when the root
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assignment is not given. We recall (2.5)), where T;(z) is expressed with the Lambert
W-function W(z), which satisfies the equation z = W (z) exp(W (z)):

Ty(z) = exp (—cg ' W(—co2)) — 1.

Hence,
1+ Tr(pytegtz) = exp(—cy "W(—py '2)). (2.12)
By differentiating the equation z = W (z) exp(W(z)), we have the following expression
of LW (z):
dz

d ) = 1 _ W(z)
=" S W) A W) 21
We can now also compute the derivative of T;(z) as
T5(2) = expl—c5 ' W(e02) - (") - = (W (~co2))
= —exp(—cy ' W(—cp2)) W(—co2) (2.14)

coz(1 4+ W(—cpz2))’

We can then give the following dominance relation for the derivative of w®(z), which
will be used later. To simplify the notation, we define

Wo = Wo(2) = W(—py *2).
Since W (z) = zexp(—W(z)), we have

W,
exp(—Wp) = ———. (2.15)
Py =
Furthermore, by (2.13)), we also have
d Wo
—Wy= ——. 2.16
dz " 21+ W) (2.16)
We thus have
zd ¢ 4 o1 &) 2d ¢ _
o [w (z(1+ Ty(cq 1p0 12)) 0] ! - [w (zexp (—W(—po 12)))]
zd oo 2 NN LG
- dZ ['LU ( pOWO)] — ZCyT pO dZ 1+WO
1| ZCwnk71p0W0 (2 + Wo) ) Wy _ cwnk’lpoWOz (2 + W())
(14 Wy)? z(1 4+ W) (14 Wo)?
Therefore, we have
zd 1 conF poWE (2 + Wo)
— |w*(z(1 +Ty5(cy, "py 2))°| =
2wt (=1 + Tl 'pg ")) s
-1 —-1@GE+2 .
= Cwnk_lpoz ( ) (Z 9 )(Z h )Wé7 (217)
i>2
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where we have used the expansion

Z—l(z+2) i
1+w Z .

>2

We now consider the generating functions B>!(z), B>?(z), B®3(z), B>*(z) arising

from Proposition For B%!(z), using (2.13]) we have
zd (n
o) == (5 (M)t ) ) (4 Tl g )
@12), 19 2<n) 1 -1 -1 Wo
a3 22 | (psg ¢ —exp(—cyg Wo))—
)i ) el W)

- —'+(") (L exp(~(1+ 265" )W)

exp(—(1+ cglVVo)

14+ W)

z+r 1 ) —1\r )
_CO ( ) ZZ (r'+ Co ) W8+T.

i>1r>0

The extra factor z in the initial domination comes from the change of the number
of vertices of type k in the injection. Therefore, by (2.6) and using the fact that
14+ r < i(r + 1) for integers i > 1, r > 0, we have

— [*] B} (2) < 001( ) ZZ 1yitrts( j 1)(1 +2c )r('_s_’_ )s-izr-

| )
s

i>17r>0 Po (5 —1—r— z)!r!
_ sofn\(n—j i(r + 1)(1+ 2¢5 M) (s — 1)5—-7=2
=¢y (;)(k—]) ZZ 5_1—T—i)!7“!
i>1r>0
(D) (0 ) T ey e b2
O\ \k—j = (s —1—14)! = (517
- <n> (n j>s 2l )T i = Dy g (D
T \J/\k—J (s—1)! & (s—1) < o
o s—1 s-2 g1 s—1,
n\ [n—j ey “s i8(i)
= 1 3 ’ - 3 —_—.
=i e)<])<k]> s! ; 5t

Now using Lemma [2.6.2) with a = 1, for s > 256 we have

-\ s—1 5—2
ny\(n—j 1/2 €0 s° i—k
< (1+ 3¢ 5.21/220 2 — O(sn’~*)B;,
<@+ e)<j)<kj> s! S

| )
s

where the last equality follows from Lemma [2.41]
For B°2, observing that in any two-type tree the number of non-root type j vertices
is ¢ps times the number of type k vertices. We can now reduce the computation to
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that of B! by observing that 1+ Ty (palco_lz) is a series with positive coefficients:

B*%(2) = cpz (fli (?) TJ(pglcglz)> (L4+Ty(py ey t2))
= 0B (2)(1+ Ty (pg 'cg'2)) 7" = coB>!(2).
Now using the bound on |B21|, we have
IB21] < ¢o|B2| = O(sn7 %) B

Now for B°? we have

BO’B(Z) =< (CO + 1)22—3 [w°(z(1 + TJ(C()_lpalz))co)] (1 + TJ(C(J_lpalz))co

€1 ~1)(i+2) .,
= 2¢pzc,n pg Z (@ o )Wé exp(—Wp)
i>2
D6 — 1) +2)
= 2zcocwn* po Z Z 5 ) )WSJFT.
i>2r>0 r

Therefore, by (2.6)), again using the bound i 4+ r < i(r + 1), we have

0,8 o, Z*]_ Z+2 i+ 7r)(s—1)5"T"i2
B3| <[] B°3(2) < 2cocwnt'po ZZ )(i+7r)(s—1)

i>2 r>0 (sfrfzfl)
s—1 2(7 s—1—2
N A A Z(Hl)(s—l)
<otk ()
i>2

) (T+1)(S—i—1)(r)
g (s —1)rr!

.\ s—1 —235-15.3
- - - . _1)8 2 21 (5—1)(1) r+1
<ok - ey tepni (M) > >
< 2(k = j)leg cun <k;—j (s—1! & (s—1) = 7!

] s—1 g1 s Z (s
§4(k‘—j)!cg_lcwnj_1(2j> STZ s()(1+26)

=2

Now using Lemma [2.6.2) with @ = 3 and Lemma [2:4.7] for s > 2304 we have

) o1 s os+1 )
(k — )1 + 2¢)cpni~! (Z - j) 5- 63/2% = O(s*ni~1=%)B,.
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For B°%, using (2.17)), we have

B (z) X (o 1) [(eo+ D (21 + Toleg ' 2))] (14 Tl oy =)

17 —1)¥i—1)(i )
j (CO + 1)20wnk—1poz ( 1) (Z 1)(2+2) WS exp(_calwo)

4 2
i>2
r+u—1)(z’+2) .
— 1 k— WZ+T.

Therefore, by (2.6) and the bound i + r < i(r + 1), we have

_1 2 s—r—i—1
|B:’4|=[ZS]BO’4( ) (CO+1 nk o ZZ Z ’L“‘ ( + )S

l —\!
i>2 r>0 2epri(s —r = 1)lpg
< 40(2) 2(k — )t 687161””]‘7185,1 Z Z (i +1)( 1)S(r+i)
a st i>2 r>0 2¢p T'ST-H

IN

8(k —j)!cé“cwnj’ls“l (n —j)s i i3 5(4) Z (r+1)(s =)

s! k—3j @ chrls”
1= r>0 0

8(k — j)'COHC s n— 5\ & i?’s(i) r+1
s! k—j Z st Z r!
1 = >0

_ 8(k— )L+ 2e)chte,ni st (n - j> ° i 0

s! k—j s

IN

=2

Again, using Lemma with @ = 3 and Lemma [2.4.1] for s > 2304 we have

B4 < = O(s*n"1)Bs.

8(k — (14 2e)cite,ni™t - 5.63/2s5+ /n — 5\ °
s! k—7
Putting everything together,

\B§|=( (snj k)—&—O(s ni—1— k)+O( 2 _1))B = 0(s* _1)BS.

Since B; = B — |B2|, this completes the proof. Note that we only need s > 2304 for

all conditions concerning Lemma to be fulfilled.

2.6.3 Proof of Lemma 2.5.4

Any non-hypertree j-component contains a wheel, since this is the only obstacle for
a component to be a hypertree. We denote by N>, the number of non-hypertree
components of size at least s. We consider the following wheel-based branching process:
we start with a family of £ many k-sets that is the family of k-sets in a possible wheel
and check if they exist as hyperedges in H; if so, we perform cy¢ branching process,
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starting from each j-set contained in k-sets of the wheel (with possible duplications
if some j-set belongs to more than two hyperedges or if hyperedges intersect in more
than j vertices). Since a wheel of length ¢ has at most cof many j-sets, by the same
argument as in Lemma [2.3.1] we know that the expected number of non-hypertree
j-component of size at least s is bounded from above by the expected number of wheel-
based branching processes of size at least s. Let N  be the number of instances of
wheel-based branching processes of size at least s, starting from every possible family
of k-sets that could form a wheel. Then we have

E(N>,) <E(NL)).
Let us be the number of possible two-type unicycles with s vertices of type k and
with a marked vertex of type j. We first bound wu.

Lemma 2.6.3. For s > 1024, we have

$5+1/2
us < 122cgcwnk_1p675

s!
Proof. Let U(z) be the generating function of two-type unicycles with a marked vertex
of type j, with z indicating their sizes. Recall that w(z) is the generating function
of wheels with z indicating the number of hyperedges, defined in . We recall
that Wy = Wy(z) = W(—py '2). Using arguments from the proof of Lemma in
Section [2.6.2] from the correspondence above, we have

zd 11 ey B2 zd
Uz) = (co+ 1)~ [w(z(1 +TJ(CO Do Z)) = 2¢o 1 [w(zexp(=Wh))]
(7)) zd 26 zCwnF Ipo W2 1
2¢co—- [w(—pOWO) - D0
dz 1+ Wy z(1+ Wy)
QCgcwnk’lpOWg 9 e
= i = e ) (1 - G

r>2

The initial domination comes from the definition of two-type unicycle and the fact
that there are at most (co + 1)s vertices of type j in a two-type unicycle of size s. The
last equality follows from the substitution of the Taylor expansion of 2?(1 + )2 with
Tr = Wo.

‘We can now use to estimate ug.
r(r—1)ss7r=1

us = [2°]U(2) < 2ciewn® 'po Z G—7) Po

r>2

- <2+522+U@+%@—®0>

= 2c2¢cyn
" p°< SN = 5

S Sl
< 2¢2c,n*1pt- s <2+ ( >
i=1

< 2c%cwnk 1p(1) 58 (2+6 2053/2) < 244c cwnk 1p(1) o5

e+1/2

s!
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The penultimate inequality comes from the application of Lemma [2.6.2] with a = 2,
which holds for s > 1024. O]

We now estimate E(NY ). Given a two-type unicycle of size s with a wheel of length
£, the probability for it to appear in the corresponding wheel-based branching process

is at most p*(1 — p)‘”o(k )= 50 with p* accounting for the existences of hyperedges,

and (1 — p)sco(k 7)=5% for the absences of hyperedges Indeed, since every as&gned
two-type tree that corresponds to a hypertree with s’ vertices of type k has s'co + 1
vertices of type j, in all fcy branching processes, s — £ hyperedges are discovered,
meaning that there are in total (s — £)cg + cg = scg many j-sets in the branching

process. Then, each j-set makes at least ((Z:g) — 1) queries to k-sets, receiving s — /¢

affirmatives in total, which makes the number of absences at least

sCo ((Z:j) —1) —s—i—éZsc()(Z:;) —s(co+1).

Let P, be the number of j-sets in wheel-based branching processes of size exactly s.
We recall that p = po(1 — €). With Lemma [2.6.3] we have

E(PS) < ’Lbsps(]_ _ p)sco(z:j)—s(co-ﬁ-l)

Ss+1/2

<O(1)nfFtpo(1 —e)® (1 — p)seo (k=) —s(eotD)

< O)nFpy(1 — e)%e ;p <—p (sco (Z‘j) — s(co + 1))) .

Using po = ¢, 1(,\c 2)71 and 6 = —¢ —log(1 — ), we have

E(P,) < O(1)n’ texp (slog(l —¢) + 5 — (1 —¢)s)

. exp ((1 —e)s(egt 4+ 1) <Z_; ) )

< O(1)n7 " exp(—s8) exp (25 (Z B j) _1> .

We are now interested in N’>50. We can assume that s° < (Z), i.e. the total num-

ber of possible hyperedges. Let 6= = § — 2(2:;)_1. Since § = £2/2 + O(e?), with
e2nF=J(logn)~! — oo (by condition (2.3), we have §~ = (1—o0(1))d, therefore 6= > 0.
As each wheel-based branching process with s hyperedges has at least scyp many j-sets,
we have

E(N,0) ZCO s~ Z@ I~ exp(—s67)

$>8° s>8°

<o) Zexp —50~ @(1)nj_1M.

oS—
§>8° 5°0
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Since s°(0 —07) = s° (Z':;)_l =o(07'n/"*logn) = o(1), and s°§ > (j — 1)logn —
00, we have

. —s°d) exp(o(1)) ., exp(—s°9)
E(Nowo) < E(N. ) < ©(1)ni—1 SP(=5 — Q1) 1ERTE Y
(V2) S E(VS,0) < (w1 SRR (i1 R

We conclude that E(N>0) — 0, using that s°6 > (j—1) log n. By Markov’s inequality,
whp we have N>z = 0, meaning that there is no non-hypertree component in H of
size at least (j — 1)lognd—!. O

2.7 Concluding remarks

2.7.1 The critical window

We note that the proofs of Lemmas and [2.2.2] and thus also of Theorem
impose three restrictions on &, namely conditions (2.1)—(2.3)) — we discuss each of these
in turn.

4

Condition (2.1)): Togmyz — 00

log n)?

This condition is required for the lower bound since our proof strategy is to show
that whp the largest components are hypertrees. It seems likely that the lower bound
on the component sizes also holds for smaller ¢ — however, heuristically the largest
components will no longer be hypertrees, but will likely contain wheels. This means
that new techniques are required to estimate the number of potential components
containing wheels.

For the upper bound, however, this condition on € is not required, and can be
replaced by two weaker conditions.

Condition (2.2): £3n/ — oo.

This condition was conjectured in [20] to give precisely the critical window. Our results
strengthen the evidence for this conjecture, since the size of the largest components in

3.3
the subcritical case (approximately %ﬁm) and in the supercritical case (approxi-
mately 2¢(), see [20]) would be of the same order when £°n/ = ©(1).

Condition (2.3): ent L o,

logn
This condition is also required to prove the upper bound, in particular to guarantee
bal
that the sizes of the largest components (approximately %) is negligible com-
pared to (,_7). It is not clear whether the condition is simply an artefact of our proof
methods or a necessary restriction (implying that the critical window is not necessarily

as conjectured). Further study is needed to clarify the situation.
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2.7.2 Global structure

In this paper we investigated the structure of the largest components, but it would be
interesting to characterise the structure of the whole subcritical hypergraph. To this
end, one would need to investigate wheels more carefully.

Wheels can be classified by the size of their centre, i.e. the set of vertices shared by
every hyperedge in the same wheel. If the centre of the wheel contains ¢ vertices, we
call it an ¢-wheel.

Heuristically, the behaviour of the hypergraph with respect to i-wheels is funda-
mentally dependent on i. In particular, at what probability we can expect i-wheels to
appear and how frequently changes as ¢ ranges from 0 to 5 — 1 — those with a larger
centre appear first. Furthermore, the length of a typical i-wheel seems to be constant
if 7 > 1, but logarithmic in n for ¢ = 0, which makes the analysis of this case rather
different.

It would be interesting to study these results further and rigorously prove these
heuristics, as well as tackling further questions, such as

e How many i-wheels are there in total, and of which length?
e How many j-sets are in components containing i-wheels?
e What is the size of the largest component that contains an i-wheel?

e Do any components contain more than one wheel?

2.7.3 Symmetry phenomenon

As mentioned in the introduction, random graphs display a symmetry phenomenon
around the phase transition: the subcritical random graph with p = (1 — &)po has ap-
proximately the same distribution as the supercritical random graph with p = (1+¢)pg
with the giant component removed, in particular regarding the orders of components
and their structure (they are all trees or unicyclic). More generally, the same is true
in k-uniform hypergraphs for the case j =1 (see for example [§], Lemma 15).

However, the analogous result for any j > 2 has not yet been proved. The order of
the giant component was asymptotically determined in [20], but in contrast to the case
j = 1, the distribution of the remaining hypergraph fundamentally depends not only
on the number of j-sets in the giant component, but also on how they are distributed
across the vertices, making this case rather more challenging.
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3 Vanishing of cohomology groups of
random simplicial complexes

3.1 Introduction

3.1.1 Motivation

In their seminal paper [28], Erdés and Rényi introduced the uniform random graph
G(n,m), chosen uniformly at random from the set of all labelled graphs on n vertices
with exactly m edges and, among other results, addressed the problem of determining
the probability of this graph being connected. This classical result is usually stated
for the binomial random graph G(n,p) on n vertices, in which each edge is present
with a given probability p independently: the property of G(n,p) being connected
undergoes a phase transition around the sharp threshold p = 10% [60]. Throughout
the paper, we denote the natural logarithm by log and we say that an event holds with
high probability (whp for short) if it holds with probability tending to 1 as n tends to
infinity.

Theorem 3.1.1 ([28[60]). Let w be any function of n which tends to infinity as
n — 0o. Then with high probability the following holds.

(i) If p= log%, then G(n,p) is not connected.
(ii) If p= log++“’, then G(n,p) is connected.

As an even stronger result, Erdés and Rényi |28] determined the limiting probability
of G(n,p) being connected around the point of the phase transition. More precisely,
this result can be stated for G(n, p) as follows.

Theorem 3.1.2 (see e.g. [34, Theorem 4.1]). Let ¢ € R be a constant and suppose
that (cn)n>1 i a sequence of real numbers that converges to ¢ as n — oo . If

_logn+c,

)
n

then -
Pr (G(n,p) is connected) “—5 e~¢
We note that while [34] Theorem 4.1] is stated for the uniform random graph, it is
actually proved via the binomial model G(n,p) and thus immediately translates into

Theorem B.1.21
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Subsequently, Bollobds and Thomason [15] proved a hitting time result for the ran-
dom graph process, in which edges are added one at a time uniformly at random. This
result relates the connectedness of the random graph process to the disappearance of
the last smallest obstruction, an isolated vertex.

Theorem 3.1.3 ([15]). With high probability, the random graph process becomes con-
nected at exactly the moment when the last isolated vertex disappears.

Since then, many higher-dimensional analogues of both random graphs and connect-
edness have been analysed and in particular two different approaches have received
considerable attention. A first natural generalisation for dimension k& > 1 is the bino-
mial random (k+ 1)-uniform hypergraph G, = G(k;n, p) in which each (k-+1)-tuple of
vertices forms a hyperedge with probability p independently. There are several natural
ways of defining connectedness of G,, which have been extensively studied, including
vertex-connectedness |7},8,/13.|141145,/57.[59] and high-order connectedness (also known
as j-tuple-connectedness) |19}/20,22/44]. Another topic which has received particular
attention is generalisations of the ¢-core of a random graph (i.e. the maximum sub-
graph with minimum degree at least ¢) |16}/23,/27,54], which itself may be viewed as a
generalisation of the giant component of a random graph [9,[29}[38L50L(52].

A more recent approach concerns random simplicial complexes, of which a first
model for the 2-dimensional case was introduced by Linial and Meshulam [48]. They
considered the concept of Fy-homological 1-connectivity of the random 2-complex as
the vanishing of its first homology group with coefficients in the two-element field Fs,
which is equivalent to the vanishing of the first cohomology group. More precisely,
the model YV, = Y(k;n,p) considered by Linial and Meshulam [48] for £ = 2 and
subsequently by Meshulam and Wallach [53] for general k > 2 is defined as follows.
Starting from the full (k — 1)-dimensional skeleton on [n] := {1,...,n}, that is, all
simplices from dimension zero up to k — 1, each (k + 1)-set forms a k-simplex with
probability p independently. They showed that the property of the vanishing of the

(k—1)-th cohomology group H*~1()),; Fa) with coefficients in F5 has a sharp threshold
klogn
SR

at p =

Theorem 3.1.4 (|48,53]). Let w be any function of n which tends to infinity as
n — co. Then with high probability,

(i) if p = 8= “yhen HF1(Y),;Fa) # 0;
(ii) if p= "B yhen HE=1(Y,:Fy) = 0.

Meshulam and Wallach [53] further proved that the same statement remains true if
the coefficients of the cohomology group are taken from any finite abelian group.
Later, Kahle and Pittel [44] derived a hitting time result for J, (analogous to The-
orem in the case k = 2. Moreover, they determined the limiting distribution of
H —1

dim ( (YVp;F2)) for general k > 2 and for p inside the critical window.
Theorem 3.1.5 (|44, Theorem 1.10]). Let k > 2 and ¢ € R be a constant. If
klogn+c
bp=—"
n
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then dim (kal(yp;Fz)) converges in distribution to a Poisson random variable with
expectation e~ ¢/kl. In particular, we have
Pr (H* 1 (Vp;Fa) = 0) =225 7@ /K

Observe that Theoremcan be generalised to hold for p = (klogn+c,,)/n, where
(cn)n>1 is a sequence of real numbers that converges to ¢ as n — oo (cf. Theorem7
because dim (Hk—l(y,,; Fg)) is a monotone function in p.

In this paper, we aim to bridge the gap between random hypergraphs and ran-
dom simplicial complexes, considering random simplicial k-complexes that arise as the
downward-closure of binomial random (k + 1)-uniform hypergraphs (Deﬁnition.
Unlike Y, in this model the presence of the full (k¥ — 1)-dimensional skeleton is not
guaranteed, thus the vanishing of the cohomology groups of dimensions lower than
k — 1 does not hold trivially. Therefore, for each 1 < 57 < k — 1, we introduce Fs-
cohomological j-connectedness of a k-dimensional simplicial complex (Deﬁnition
as the vanishing of all cohomology groups with coefficients in Fs from dimension one
up to j and the zero-th cohomology group being isomorphic to F.

Although this notion of connectedness is not deterministically monotone for our
model, we prove that Fy-cohomological j-connectedness has a sharp threshold. Fur-
thermore, we derive a hitting time result and determine the limiting probability for
Fo-cohomological j-connectedness inside the critical window. As a corollary, we de-

duce a hitting time result for )V, in general dimension, thus extending the hitting time
result of Kahle and Pittel [44].

3.1.2 Model

Throughout the paper let £ > 2 be a fixed integer. For positive integers £ and 1 < i < /,
write [¢] := {1,...,¢} and denote by ([f]) the family of i-element subsets of [¢].

Definition 3.1.6. A family G of non-empty finite subsets of a vertex set V is called
a simplicial complex if it is downward-closed, i.e. if every non-empty set A that is
contained in a set B € G also lies in G, and if furthermore the singleton {v} is in G for
every v € V.

The elements of a simplicial complex G of cardinality k + 1 are called k-simplices of
G. If G has no (k + 1)-simplices, then we call it k-dimensional, or k-complemEl IfGisa
k-complex, then for each 7 =0,...,k — 1 the j-skeleton of G is the j-complex formed
by all ¢-simplices in G with 0 < < 7.

We define a model of random k-complexes starting from the binomial random (k+1)-
uniform hypergraph G, on vertex set [n]: the O-simplices are the vertices of Gy, the
k-simplices are the hyperedges of G}, but there is more than one way to guarantee the
downward-closure property to obtain a simplicial complex. In the model Y, considered

INote that we do not require G to contain any k-simplices in order to be k-dimensional. This is in
contrast to the usual terminology, but we adopt this convention for technical convenience — in fact,
in all interesting cases of the model of random k-complex which we consider, with high probability
this distinction makes no difference.
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by Meshulam and Wallach in [53], the full (k — 1)-skeleton on [n] is always included. In
contrast, we only include those simplices that are necessary to ensure the downward-
closure property.

Definition 3.1.7. We denote by G, = G(k;n,p) the random k-dimensional simplicial
complex on vertex set [n] such that:

e the O-simplices are the singletons of [n];

e the k-simplices are the hyperedges of the binomial random (k + 1)-uniform hy-
pergraph Gp;

e for each j € [k — 1], the j-simplices are exactly the (j + 1)-subsets of hyperedges
of Gy.

In other words, G, is the random k-complex on [n] obtained from G, by taking the
downward-closure of each hyperedge. For instance, denote by F}, the set of hyperedges
of the binomial random 4-uniform hypergraph G, = G(3;n,p). Then the correspond-
ing two models of random 3-dimensional simplicial complexes are given by

=y = ("o (Mo (M ur
G, = G(3;n,p) = (“f]) U (F,) U 8F, U F,,

where OF for a set F of j-simplices, j > 1, denotes the set of all (j — 1)-simplices that
are contained in elements of E.

Given a simplicial complex G, let H*(G;F3) be its i-th cohomology group with co-
efficients in Fy (see in Section for the definition). We define a notion of
connectedness for a simplicial complex via the vanishing of its cohomology groups.
Since the 0-th cohomology group H°(G;Fy) cannot vanish, we require this group to be
“as small as possible”.

Definition 3.1.8. Given a positive integer j, a simplicial complex G is called Fs-
cohomologically j-connected (j-cohom-connected for short) if

[ HO(Q,IFQ) :FQ;
e H(G;Fs) =0 for all i € [j].

Observe that H°(G;Fy) being isomorphic to Fy is equivalent to connectedness of G
in the topological sense, which we call topological connectedness in order to distinguish
it from other notions of connectedness. For G = G, this is also equivalent to vertez-
connectedness of the associated (k + 1)-uniform hypergraph. The threshold for this
property is well-known, and will be discussed in Section [3.4.1]

Moreover, one might define an analogous version of connectedness via the vanishing
of homology groups, which would be equivalent to our definition of Fy-cohomological
j-connectedness by the Universal Coefficient Theorem (see e.g. [55]).
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A significant difference between G, and Y, is that for J, the only requirement for Fo-
cohomological (k—1)-connectedness is the vanishing of the (k—1)-th cohomology group,
since the presence of the full (k — 1)-skeleton guarantees topological connectedness and
the vanishing of the j-th cohomology groups for all j € [k — 2].

Moreover, it is important to observe that Fy-cohomological j-connectedness is not
necessarily a monotone increasing property of G,: adding a k-simplex to a j-cohom-
connected complex might yield a complex without this property (see Example .
Thus, the existence of a single threshold for j-cohom-connectedness is not guaranteed,
but one of our main results shows that such a threshold indeed exists (Theorem|3.1.11)).

3.1.3 Main results

The main contributions of this paper are fourfold. Firstly, we prove (Theorem [3.1.11))
that for each j € [k — 1], the probability

(j 4+ 1)logn + loglogn

pj = U=+ b (k—4)! (3.1)

is a sharp threshol(ﬂ for Fa-cohomological j-connectedness. Secondly, we prove a hit-
ting time result (also Theorem 7 relating the j-cohom-connectedness threshold
to the disappearance of all copies of the minimal obstruction M; (Definition [3.1.10)).
Thirdly, our results directly imply an analogous hitting time result for ), (Corol-
lary , which Kahle and Pittel [44] proved for k = 2. Lastly, we analyse the
critical window given by the threshold p;, showing that inside the window the di-
mension of the j-th cohomology group converges in distribution to a Poisson random
variable (Theorem [3.1.13).

Proving that p; is indeed a (sharp) threshold turns out to be considerably more
challenging than might be expected, largely because Fo-cohomological j-connectedness
of G, is not a monotone increasing property. In particular, the subcritical case is much
more involved than it would be for a monotone property, where often a simple second
moment argument suffices. In order to circumvent the difficulties arising from the non-
monotonicity, we introduce auxiliary structures called local obstacles (Definition [3.4.8]),
showing that whp G, evolves in a monotone way regarding those (Lemma n
the supercritical case we must guarantee that whp there are no more obstructions to j-
cohom-connectedness. In order to bound the number of potential “large” obstructions,
basic calculations are not sufficient and therefore we define a suitable search process,
which gives us more precise bounds on their number (Lemma [3.5.7).

Before defining the minimal obstruction M; (Definition Iﬁ we introduce the

following necessary concepts.

Definition 3.1.9. Given a k-simplex K in a k-dimensional simplicial complex G, a
collection F = {Py, ..., Py_;} of j-simplices forms a j-flower in K (see Figure if
K =U!Z] P, and C := O] P, satisfies |C| = j. We call the j-simplices P; the petals
and the set C the centre of the j-flower F.

2In a strong sense, see Theorem [3.1.11] for details.
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(i (i) (i)

Figure 3.1: Examples of j-flowers in a k-simplex K, for k =4 and j = 1,2, 3.
(i) The 1-flower in K with centre C' = {c1} (bold black) and petals P; =
CuU{w;},i=0,1,2,3 (grey).
(ii) The 2-flower in K with centre C' = {c1,¢a} (bold black) and petals
P, =CU{w;},i=0,1,2 (grey).
(iii) The 3-flower in K with centre C = {c1, c2,c3} (bold black) and petals
P, =CU{w;},i=0,1 (grey).

Observe that for each k-simplex K and each (j — 1)-simplex C C K, there is a
unique j-flower in K with centre C, namely

F(K,C):={CU{w} |we K\C}. (3.2)

When j is clear from the context, we simply refer to a j-flower as a flower.
A j-cycle in a simplicial complex G is a set J of j-simplices such that every (j — 1)-
simplex of G is contained in an even number of j-simplices in J.

Definition 3.1.10. A copy of M; (see Figure in a k-complex G is a triple (K, C, J)

where
(M1) K is a k-simplex in G;

(M2) Cis a (j — 1)-simplex in K such that each petal of the flower F = F(K,C) is
contained in no other k-simplex of G;

(M3) Jis a j-cycle in G that contains ezxactly one petal of the flower F, i.e. there exists
a vertex wy € K \ C such that

JNF = {CU{wo}}.

We will see in Section [3.3.1] that a copy of M; can be interpreted as a minimal
obstruction for Fs-cohomological j-connectedness.

The random k-complex G, can be viewed as a process, by assigning a birth time to
each k-simplex. More precisely, for each (k 4 1)-set of vertices in [n] independently,
sample a birth time uniformly at random from [0,1]. (With probability 1 no two
(k + 1)-sets have the same birth time.) Then G, is exactly the complex generated by
the (k + 1)-sets with birth times at most p, by taking the downward-closure. If p is
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(i) (i)

Figure 3.2: A copy of My, for k = 5 and j = 2. The striped j-simplices are identified.
(i) The k-simplex K that contains the flower F(K,C) with centre C =
{c1,c2} and petals P, = C U {w;}, for i = 0,1,2,3. Each petal P; is con-
tained in no other k-simplex except K.
(ii) The j-cycle J that consists of the j-simplices Py = {c1,ca,wp},
{Cg,wo,jl}, {Cg,jl,jg}, {Cl, Cg,jz}, {Cl,jl,jg} and {Cl,wo,jl}. It inter-
sects the flower F (K, C) only in the petal Pp.

gradually increased from 0 to 1, we may interpret G, as a process. Thus, we can define
pu; as the birth time of the k-simplex whose appearance causes the last copy of M;
to disappear. More formally, let

pu;, = sup{p € [0,1] | G, contains a copy of M,}. (3.3)

Our first main result states that the value pys, is the hitting time for j-cohom-
connectedness of G, and is “close” to p; defined in (3.1)), implying that p; is in fact a
sharp threshold for Fo-cohomological j-connectedness.

Theorem 3.1.11. Let k > 2 be an integer and let w be any function of n which
tends to infinity as n — oo. For each j € [k — 1], with high probability the following
statements hold.

(i) pu;, satisfies

i + 1)logn +loglogn — w
(j +1)log glog
(k—j+ )nkJ

(j +1)logn + loglogn + w
(k—j+1)nk-i

(k=5 <pu, < (k=)

(ii) For all p < pa,;, Gp is not Fo-cohomologically j-connected, i.e.
HY(G,;F2) #Fy  or  HY(G,;F2) # 0 for some i € [4].
(iii) For all p > pyr;, Gp is Fa-cohomologically j-connected, i.e.

H%(G,;Fy) =Fy  and HY(G,;Fo) =0 for all i € [j].
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For the case j = k — 1, Theorem gives a threshold py_; = W for
Fy-cohomological (k — 1)-connectedness, which is about half as large as the threshold
kk’% in Theorem for V,. The reason for this is that the minimal obstructions are
different: in ), the minimal obstruction is a (k — 1)-simplex which is not contained in
any k-simplex of the complex (such a (k — 1)-simplex is called isolated). By definition,
isolated (k — 1)-simplices do not exist in G,, because G, contains only those (k — 1)-
simplices that lie in some k-simplex.

Observe that Theorem|3.1.11J[(ii)|and |(iii)| provide a hitting time result for the process
described above. A similar result was proved by Kahle and Pittel |44] for ), but only
for the two-dimensional case. They considered the random complex process associated
with ), and related the vanishing of the first cohomology group to the disappearance
of the last isolated edge (i.e. 1-simplex). As a corollary of Theorem we obtain
a hitting time result for ), for general k > 2. To this end, let

Pisol = sup{p € [0,1] | ), contains isolated (k — 1)-simplices}

be the birth time of the k-simplex whose appearance causes the last isolated (k — 1)-
simplex in Y, to disappear and let

Pconn = Sup{p S [07 1] | Hk_l(yp;FQ) 7& O}
be the time when Y, becomes Fy-cohomologically (k — 1)-connected.

Corollary 3.1.12. Let k > 2 be an integer. Then, with high probability

Pconn = Pisol-

In other words, with high probability the random process associated with Y, becomes
Fs-cohomologically (k — 1)-connected at exactly the moment when the last isolated
(k — 1)-simplex disappears.

Our last main result gives an explicit expression for the limiting probability of the
random complex G, being Fp-cohomologically j-connected inside the critical window
given by the threshold p; (cf. Theorems and . More generally, we prove
that the dimension of the j-th cohomology group with coefficients in Fo converges in
distribution to a Poisson random variable.

Theorem 3.1.13. Let k > 2 be an integer, j € [k — 1] and ¢ € R be a constant.
Suppose that (cp)n>1 is a sequence of real numbers that converges to ¢ as n — oco. If
(j+1)logn+loglogn + ¢,

p= (k—j—l—l)nk—j (k_])'a

then dim (Hj (QP;FQ)) converges in distribution to a Poisson random wvariable with
expectation

(+1De*
)\J = ,72.,
(k=7 +1)%!
while whp H°(Gp; Fa) = Fy and H(G,;F2) =0 for alli € [j — 1]. In particular,
n—oo A

Pr (G, is j-cohom-connected) —— e
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Indeed, in the proof we will see that whp dim (H I(Gp; Fg)) equals the number of pairs
(K, C) for which there exists a j-cycle J such that (K, C,J) is a copy of M; in G,.
Let us note that Hoffman, Kahle and Paquette |35] proved a similar result for the
Y, model relating the dimension of the cohomology group to the number of isolated
(k—1)-simplices, and as a corollary obtained a hitting time result for general dimension
analogous to Corollary but for cohomology groups over Q rather than IFs.

3.1.4 Related work

This paper draws inspiration from [48] and [53], but the proof techniques are consid-
erably different. We first note that in ), the presence of the full (k — 1)-dimensional
skeleton trivially yields the topological connectedness of ), and the vanishing of all
the i-th cohomology groups with ¢ € [k — 2]. This is not true in G, and therefore we
need to consider all cohomology groups up to dimension j, for each j € [k — 1].

Moreover, in [48] and [53] one standard application of the second moment method is
sufficient for the analysis of the subcritical case (i.e. statement (i)) of Theorem
By contrast, Fa-cohomological j-connectedness of G, is not a monotone increasing
property (see Example [3.3.2). This makes the subcritical case far from trivial. More
precisely, it does not suffice to prove that G, is not j-cohom-connected at p_ =
(j+1) log n+log log n—w

(k—j+1)nk=i
satisfied for any p up to and including p_. Also observe that in terms of our hitting
time result, it is not enough to show that for each “small” p whp G, is not j-cohom-
connected. Rather, we need to know that G, is not j-cohom-connected whp for all
such p simultaneously.

The proof of the supercritical case p > py; is also more challenging than for V,;
we are forced to derive stronger bounds for the number of bad functions (see Defini-
tion[3.2.4)), due to the fact that for j = k —1, the threshold in Theorem 3.1.11]is about
half as large as the corresponding threshold in [53]. To this end, we define a breadth-
first search process that makes use of the new notion of traversability (Deﬁnition.
Moreover, non-monotonicity of j-cohom-connectedness forces us to prove that for all
P > pu;, the probability of G, not being j-cohom-connected is small enough that we
can apply a union bound over all relevant values of p.

(k — j)!; rather we need to show that whp the property is not

3.1.5 Paper overview

This paper is structured as follows.

In Section we present some preliminary results that we will use throughout the
paper and we provide an overview of cohomology theory, which will allow us to define
the concept of a bad function (see Definition [3.2.4)), a configuration in a complex G that
is a witness for H7(G;F3) not vanishing. Section is devoted to the main concepts
and the proof ideas used in this paper. After explaining why a copy of M; is a minimal
obstruction to j-cohom-connectedness, we heuristically show why the value p; defined
in should be the threshold for j-cohom-connectedness and give an outline of the
proofs of our main theorems.

63



In Section [3.4] we provide the auxiliary results needed for the proofs of Theo-
rem and We analyse the subcritical case when p < pps; and determine
the approximate value of py,, i.e. when the last minimal obstruction disappears. In
Section we define a breadth-first search process which will allow us to examine
the supercritical case when p > pjs. and to obtain results necessary for the proofs of
Theorem and Theorem I@l

We prove the main results Theorems [3.1.11] and [3.1.13] and Corollary [3.1.12]in Sec-
tion [3.6] using the auxiliary results from Sections [3.4] and Finally, in Section [3.7]
we discuss some open problems.

3.2 Preliminaries

3.2.1 Birth times

We mentioned in Section how to use the standard birth times interpretation to
describe the binomial model G, as a process. In this setting, it is useful to introduce
the operation of “adding a simplex”.

Definition 3.2.1. Given a complex G on vertex set V and a non-empty set B C V', we
define G+ B to be the complex obtained by adding the set B and its downward-closure
to G, i.e.

G+ B:=GU{28\p}.

Observe that if B is already a simplex of G, then G + B = G. With this operation,
G, (interpreted as a process) may also be described in the following way. If px is the
smallest birth time larger than p of any k-simplex K, then G,, =G, + K.

A property P of k-complexes is called monotone increasing if P is closed under
adding k-simplices. The complement of a monotone increasing property is called mono-
tone decreasing. Finally, P is monotone if it is monotone increasing or decreasing.

Considering the birth times interpretation, we shall take union bounds over finite
sets of birth times. With a slight abuse of terminology, sometimes we will talk about
taking “union bounds over p” in some interval, which makes little sense if we think of
p as being able to take any value within the interval, but indeed we are conditioning on
the set of birth times and taking the union bound over all birth times in the relevant
interval.

We also note that conditioned on a k-simplex not being present at time p = g1, the
probability that it is present at time ¢o is qf’:(fll . Thus we may obtain G,, from G, by
exposing an additional probability of %. Since we will only ever want to consider

such a situation with ¢; = o(1), we often simply take g2 —¢; as an approximation (and

lower bound) for qf__(fll , Or use g9 as an upper bound.

3.2.2 Probabilistic tools
We frequently use the following Chernoff bound.
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Lemma 3.2.2 (see e.g. [39, Theorem 2.1]). Given a binomial random variable X with
expectation p and a real number a > 0,

Pr(X > p+a) <exp (_2(uj-2a/3)) :

a2
Pr(X <pu—a)<exp (—2> .
L

For the analysis of the critical window (cf. Theorem|[3.1.13)), we will need the method
of moments, as presented in the following lemma.

Lemma 3.2.3 (see e.g. [34, Theorem 20.11]). Let (S,)n>1 be a sequence of sums of
indicator random variables. Suppose that there exists X\ > 0 such that for every fixed

ntegert > 1
t
lim E<5”> _ X
n—o0 t t!

AS
lim Pr(S, =s) =e

)
n—o0o s!

Then, for every integer s > 0,

i.e. Sy, converges in distribution to a Poisson random variable with expectation A. We
write Sy, % Po()).

3.2.3 Cohomology terminology

We formally introduce cohomology groups with coefficients in Fs for a simplicial com-
plex. The following notions are all standard, except the definition of a bad function
(Definition [3.2.4).

Given a k-complex G, for each j € {0,...,k} denote by C7(G) the set of j-cochains,
that is, the set of 0-1 functions on the j-simplices. The support of a function in C7(G)
is the set of j-simplices mapped to 1. Each C7(G) forms a group with respect to point-
wise addition modulo 2. We define the coboundary operators §7: C7(G) — CI+1(G)
for j =0,...,k — 1 as follows: for f € C7(G), the (j + 1)-cochain 7 f assigns to each
(j + 1)-simplex o the value

Ffe)= Y f(r) (mod?2).

TCo, |T|=j+1

In addition, we denote by 6! the unique group homomorphism §=1: {0} — C°(G).
The j-cochains in im 67~ are called j-coboundaries, and the j-cochains in ker 67 are
called j-cocycles. A straightforward calculation shows that each coboundary operator
is a group homomorphism and that every j-coboundary is also a j-cocycle, i.e. im §7 7!
is a subgroup of ker 6. Therefore, we can define the j-th cohomology group of G with
coefficients in o as the quotient group

HI(G;Fy) :=ker 6’ /im 671 (3.4)
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By definition, H?(G;Fy) vanishes if and only if every j-cocycle is a j-coboundary.
This motivates the following definition of a bad function.

Definition 3.2.4. For a k-complex G and j € [k—1], we say that a function f € C7(G)
is bad if

(i) f is a j-cocycle, i.e. it assigns an even number of 1’s to the j-simplices on the
boundary of each (j + 1)-simplex;

(ii) f is not a j-coboundary, i.e. it is not induced by a (j — 1)-cochain.

Thus, H’(G;F,) vanishes if and only if no bad function in C7(G) exists.

Recall that a set of j-simplices is a j-cycle if every (j — 1)-simplex is contained in
an even number of j-simplices of the set. It is easy to see that if f is a j-cocycle and
J is a j-cycle such that the restriction f|; has support of odd size, then f is not a
j-coboundary and thus is a bad function.

3.3 Intuition and outline of proofs

For the rest of the paper, let j € [k — 1] be fixed.

3.3.1 Minimal obstructions

Let us explain why M, (Definition can be interpreted as the (unique) minimal
obstruction to j-cohom-connectedness. Given a triple (K, C, J) which forms a copy of
M in a k-complex G, it is easy to define a bad function f € C7(G) (see Deﬁnition:
let f take value 1 on the petals of the flower F(K,C) (see (3.2)) and 0 everywhere
else. Since the petals are all in the k-simplex K but in no further k-simplices, every
(j +1)-simplex L in G is even, because L contains either two petals (if C C L C K) or
none (otherwise). However, J would be a j-cycle containing precisely one j-simplex,
namely the petal C U {wp}, on which f takes value 1, ensuring that f is not a j-
coboundary. Thus f is bad and has support of size k — j + 1, which is the number of
petals of F(K,C).

In the following lemma we show that in fact such a bad function is the only possibility
for an obstruction which is minimal with respect to the size of the support. Given a
k-simplex K and a collection S of j-simplices, define Sk to be the set of j-simplices
of S contained in K.

Lemma 3.3.1. Let G be a k-complex and let S be the support of a j-cocycle. Then
for each k-simplex K,

(i) either Si =0 or both |Sk| >k —j+1 and U,cg, 0 = K;
(i) if |Sk| =k —j+ 1, then Sk forms a j-flower in K.

Proof. Suppose Sk # 0 and let g € Sk. Let the vertices of K \ oy be denoted by
U1,...,V,—;. Each (j+ 1)-simplex o¢ U {v;} has to be even with respect to f and thus
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contains some j-simplex o; € Sk \ {00}, which therefore contains v;. The simplices
00,...,0k—; are distinct, because each v; lies in o; but in no other oy. Therefore
|Sk| >k —j+1and

K; U O':_)UQU{Ul,...,Uk_j} = K.
oc€ESK
Suppose now that Sx = {00,...,0,—;}, with og,...,0,_; defined as above. For
2 <i<k—j,the (j+1)-simplex 7 := o1 U{v;} contains o1, but no oy with £ ¢ {1,4}.
By the choice of S as the support of a j-cocycle, 7 is even and thus o; C 7. This
means that
o1No;=7\{v1,v;} =09 Noy.

As this holds for all 7, Sk forms a flower in K with centre g N o;. O

Both the presence of a copy of M; and j-cohom-connectedness in G, are not mono-
tone properties, as the following example shows.

Example 3.3.2. Let G be the 2-complex on vertex set {1,2,3,4,5} generated by the
3-uniform hypergraph with hyperedges {1,2,3} and {1,4,5}, see Figure Then G
is 1-cohom-connected and thus contains no copies of M;. Adding to G the 2-simplex
{2,3,4} (and its downward-closure) creates several copies of M; and thus yields a
complex G’ which is not 1-cohom-connected. If we further add the 2-simplex {1, 3,4}
to G’, we obtain a 2-complex G’ which is 1-cohom-connected and thus contains no
copies of Mj.

g g g’

Figure 3.3: Adding simplices might create new copies of M; or destroy existing ones.

3.3.2 Finding the threshold

In this section we provide a heuristic argument for why the threshold for the disap-
pearance of the last copy of M; should be around p;. To do this, we will make use of
a simplified version of the obstruction M;.

Definition 3.3.3. A copy of M (see Figure in a k-complex G is a pair (K, C)
where
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(M1) K is a k-simplex in G;

(M2) Cisa(j—1)-simplex in K such that each petal of the flower F (K, C) is contained
in no other k-simplex of G.

Figure 3.4: A copy of M, for k = 5 and j = 2. The k-simplex K contains the
flower F(K,C) with centre C = {c1,c2} and petals P, = C' U {w;}, for
1=0,1,2,3. Each petal P; is contained in no other k-simplex except K.

In other words, a copy of M, can be viewed as a copy of M; without the con-

dition [(M3)] i.e. without the j-cycle .J containing one of the petals (see Figures
3.4)

and . Therefore,
M7 ¢G, = M;ZGg,.
Moreover, we will show (Lemma that, for p approaching the value p;, the j-cycle
J needed to extend a copy of M;™ to a copy of M; is very likely to exist. Hence in this
range the existence of M ; and M; are essentially equivalent events.
Let us estimate the expected number of copies of M, in G,. The probability of
k + 1 arbitrary vertices with a fixed centre C' forming a copy of M is about p(1 —

p)(k_j+l)(kif), which we can approximate by

_(k—j+1)nk—I

pe (k—3)!
(k—j+1)nk—J
so the expected number of copies of M ;s of order n*tlpe™ =T P, We seck P
such that
P CEY S
n" T pe (k=5)! =1.
This holds when
(k—j+1nk=3
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which implies

(k+1)logn+ logp .
- 2P (1 — )1
PE oty B9

(k+1)1ogn+1og(““+%’+’fk’gp(k—j)!)—(k—j)logn N
- (k—j + L)nk=3 (k=)

(j+1)logn +loglogn + O(1)

= (k= + Lynk—d (k=9

which corresponds to the stated threshold p; defined in (3.1J).

3.3.3 Outline of the proofs

We now give an outline of the proofs of our main theorems. Let us begin with Theo-
rem |3.1.11] To analyse the zero-th cohomology group, we define the probabilities

. logniq.y.
® Po = ngk k'v

e pp:=sup{p € [0,1] | G, is not topologically connected}.

In other words, pr is the birth time of the k-simplex whose appearance causes the
complex G, to become topologically connected. Recall that topological connectedness
is equivalent to the random hypergraph G, becoming vertex-connected. It is known
(see e.g. |19L56,/57]) that po is the threshold for vertex-connectedness of the random
(k + 1)-uniform hypergraph, that is whp pr = (1 + o(1))po (Lemma [3.4.1)).

Recall from and that for each j € [k — 1] we have

(7 +1)logn +loglogn .
e - k— i)l
[ ] pj (k*j+ ].)lei] ( ]) I

e pu; =sup{p € [0,1] | G, contains a copy of M;}.

In other words, pas; is the birth time of the k-simplex whose appearance causes the
last copy of M to disappear.

In Section we study the subcritical case when p < pyy,, providing results needed
for the proof of Theorem Moreover, we show that whp the value of py; is
“close” to p; (Corollary [3.4.11)), thus proving Theorem

In order to prove Theorem we aim to show that whp H?(G,;Fs) # 0
throughout the interval [pas, ,,pas;). A direct argument based on determining the
dimensions of C?~1(G,), C7(G,) and CV*1(G,) may be considered, but it would work
only for some values of j and some ranges of p (see Section . We actually prove
a stronger result (Lemma [3.3.4), for which we define the following probabilities: for
each j € [k — 1], set

- 1 (U +1logn Al
1= (1 ) W
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o pV 1
j 0(] + 1)(k+1)nk_j.

We will also need the value

logn  po
Py = =

nk kD
The motivation behind these seemingly arbitrary definitions will become clear as the
argument develops. We will prove that three copies of M; suffice to cover the interval

[p;_1:Pm;), which whp contains the interval [par; ,, P, ) by Theorem [3.1.11] ml

Lemma 3.3.4. Let j € [k — 1]. With high probability, there exist three triples
(K¢, Coy Jp), € = 1,2,3, such that for all p € [p;_y,pm;), (Ke,Ce, Jp) forms a copy

of M; in G, for some £. In particular, whp H7(G,;F2) # 0 for all p € [p;_1,PMm;)-

This will in particular imply that whp G, is not j-cohom-connected in the interval

[pj-:l,pMj). By Lemma applied with j replaced by 4 for each i € [j] and by
the fact that G, is not topologically connected in [0, pr) by definition, whp G, is not
j-cohom-connected in the range

7 - (whp)
[0,pT)UU[pi,1,pMi) =" [0,pn;)-
=1

This completely covers the subcritical case (Theorem [3.1.11]|(i1))).
In order to prove Lemma|3.3.4, we divide the interval [p; ,,pas;) into smaller subin-

tervals W W
- 1 1) _
[pj_lapMj):[p] 1 Pj ]U[p] apj]U[pj,pM,’)
and show that for each of these subintervals, whp there is one copy of M; which exists
in G, throughout this interval, using the following strategy.

(I) At around p;_;, whp there exist “many” copies of M; (Lemma i and whp
at least one of these survives until probability pﬁl) (Lemma [3.4.12]).

(1) , whp all copies of M~ give rise to copies of M i, thus the existence

(II) For any p > p;
of M; and Mj; are essentially equlvalent events (Lemma [3. D In particular,

the labt M; to disappear corresponds to the last M (Corollarym

(IIT) At around p; , whp there are “many” copies of M, (Lemma|3.4.7) and whp one
of these already existed at pgl) (Lemma [3.4.13)).

(IV) The last M, to disappear whp already existed at p; (Lemma|3.4.14).

In Section we study the supercritical case, i.e. the case p > pu;, and derive
auxiliary results necessary to prove Theorem [3.1.11] mm (iii)l By the definition of pyy,, we
know that G, contains no Mj; in this range, so by Lemma- 3.3.1|it remains to bhOW that
whp there are no bad functlons with support of size s > k — j + 1. In other words, we
need to prove that each j-cocycle with support of size s is also a j-coboundary.

70



To this end, we prove (Corollaries [3.5.8 and [3.5.10) that from slightly before the
threshold p; onwards, every j-cocycle can be written as the sum of functions arising
from copies of M, (see Definition . We first show (Lemma D that the

support of any smallest j-cocycle not generated by copies of M i satisfies a property
which we call traversability (Deﬁnition. We then bound the probability that such
a support of size s exists. For constant s, simple bounds will suffice (Lemma; for
larger values of s, traversability will allow us to define a breadth-first search process
that we use to track the construction of a traversable support and thus count the
number of such supports much more accurately (Lemma.

Combining the results from Sections and we prove Theorem [3.1.11] in Sec-
tion [3.6f We then apply Theorem to derive Corollary which provides a
hitting time result for ), relating the vanishing of H*~1()),; F2) to the disappearance
of the last isolated (k — 1)-simplex.

Finally, we prove Theorem in Section We analyse Fa-cohomological

j-connectedness of G, within the critical window given by the threshold for this prop-
_ (j+1)10gn+loglogn+0(1)(k . ~)|
b= (k—j+1)nF—7 D)+

cocycles arise from copies of M, (Corollary [3.5.8]). Using the method of moments
(Lemma , we will show that the number of copies of M ; converges in distribu-
tion to a Poisson random variable and that whp this number equals the dimension of
the j-th cohomology group of G,. Thus, in particular we derive an explicit expression
for the limiting probability of G, being j-cohom-connected.

erty, i.e. we consider In this range, whp all j-

3.4 Subcritical regime

In this section we study the subcritical case p < pps. and derive the necessary results
for the proofs of statements and of Theorem |3.1.11

3.4.1 Topological connectedness

We begin with a result stating that

is a sharp threshold for topological connectedness of G,. Recall that pr is the birth
time of the k-simplex whose appearance causes the complex G, to become topologically
connected.

Lemma 3.4.1. Let w be any function of n which tends to infinity as n — oo. Then
with high probability
logn —w
nk

logn +w

kKl <pr < k!
n

and thus in particular pr > py .
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Observe that Lemma [3.41] is equivalent to py being a sharp threshold for vertex-
connectedness of the random (k + 1)-uniform hypergraph, which follows for instance
from [19] or [57] as a special case of each (see also [56] for a stronger result). The proof
relies on standard applications of the first and second moment methods and is an easy
generalisation of the graph case (see e.g. [45]).

3.4.2 Counting obstructions

In this section we provide several results concerning the number of minimal obstruc-
tions that exist in G, whp. First we define a special case of M; (Definition )
which will be useful in the subsequent arguments.

Definition 3.4.2. For any (j + 2)-set A in a complex G, the collection of all (5 + 1)-
subsets of A is called a j-shell if each of them forms a j-simplex in G. The j-shell is
called hollow if A does not form a (j + 1)-simplex in G.

If the collection of all (j + 1)-subsets of a (j + 2)-set A forms a j-shell, with a slight
abuse of terminology we also refer to the set A itself as a j-shell.

Definition 3.4.3. Given a k-complex G on vertex set [n], a (k+ 1)-set K in G, a
j-set C C K, and two vertices w € K \ C and a € [n] \ K, we say that the 4-tuple
(K,C,w,a) forms a copy of M} (see Figure if

(M1) K is a k-simplex in G;

(M2) Cisa(j—1)-simplex in K such that each petal of the flower F (K, C) is contained
in no other k-simplex of G;

(M3*) CU{w}U{a} is a j-shell in G.

Recall thatmand M2 )|mean that (K, C) forms a copy of M~ (see Definition 3.3.3)).
We call the j-simplex CU{w} the base and a the apex vertex of the j-shell CU{w}U{a}.
Every other j-simplex in C U{w} U {a} is called a side of the j-shell.

Observe that given a 4-tuple (K, C,w,a) which forms a copy of M} in G, the j-
shell C'U {w} U {a} is hollow by [M2)| m and the fact that every (j + 1)- sunplex in G, is
contained in a k-simplex. Moreover, since the j-simplices of a j-shell form a j-cycle, a
copy of M7 is in particular a copy of M; (Deﬁnition. Therefore, the following
implications hold.

M;cG, = M;CG, = M; CG,. (3.5)

We will see later (Lemma that for “large” p, whp every copy of M, is extendable
to several copies of M. Therefore, the existence of copies of M;", M} and M; in G,
are essentially equivalent events in that range.

Define X, to be the number of copies of M7 in G,. We need a general expression for
its expectation for certain possible values of the probability p. To this end, consider
the family 7* of 4-tuples T* = (K, C,w,a), where K C [n]| with |K| = k + 1, where
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Figure 3.5: A copy of M7, for k =5 and j = 2. The pair (K, C), with K a k-simplex
and C = {c1, c2}, forms a copy of M. The (j +2)-set CU{w} U {a} is a
Jj-shell with base C' U {w} and apex vertex a.

C'is a j-subset of K, where w € K \ C, and where a € [n]\ K. Each of these tuples
may form a copy of M} with K as k-simplex, C' as the centre, and C' U {w} U {a} as
the j-shell with base C' U {w} and apex vertex a. For each such tuple T™*, let X7« be
the indicator random variable of the event that 7™ forms a copy of M;.

We next show that at probability p;_; the number of copies of M is concentrated
around its expectation, whose order we also determine.

Lemma 3.4.4. If p = p,_,, then E(X,) = © ((logn)i™2). Furthermore, with high
probability X, = (14 o(1))E(X.).

Proof. Let T* = (K,C,w,a) € T* be a fixed 4-tuple. Recall that T* forms a copy of
M; in G, if conditionsl M1 )l |1 M2 L and |1 M3¥ )l of Definition hold.

Clearly, [(M1)| holds with probability p. In order to determine the probability
that [(M2)| holds, consider a fixed petal. The probability that this petal lies in no
other k-simplex is

r=r(p,nk,j):=(1- p)(n;z;l)fl. (3.6)

Forp=p; ,=0© (%), we have

er(n;igl)p—lo(l),

and thus each petal lies in no other k-simplices whp. Therefore, taking a union
bound, holds with probability at least 1 — (k—j+ 1)(1 —r) =1 — o(1).

Now consider conditioned on the event that both and hold. The
base C'U{w} of CU{w} U {a} already lies in K, so it remains to prove that all other
(j + 1)-sets in C U {w} U {a}, i.e. the sides of this (potential) j-shell, are j-simplices
in G,. Denote the sides of CU {w}U{a} by L1,..., L;j4+1. The number of (k+ 1)-sets

containing L; is (";771), but some of these (k + 1)-sets might not be allowed to be
k—j
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k-simplices because they contain a petal of the flower F(K,C) (see (3.2))). However,
the number of (k+ 1)-sets for which this is the case is O(n*~71). All other (k+1)-sets
meet CU{w}U{a} only in L;. In particular, for i =1,...,75+1, let K; denote the set
of (k+1)-sets which meet C'U{w}U{a} only in L;. Then |[K;| = (";7>") —O(nF=771),
and the IC; are pairwise disjoint. Furthermore, conditional on and L; is
a j-simplex if and only if at least one (k 4 1)-set of K; is present as a k-simplex. In
particular, conditional on [[MT)| and [[M2)| the events that Ly, ... ,Ljy1 are j-simplices
are independent. Thus, conditional on |[(M1)[ and [(M2)| each L; forms a j-simplex
independently with probability

n—j—1

1— (1 —p) (200" — (14 o(1))g, (3.7)

k—j 1
pn ogn
= = @ . 3.8
=g =e (%) 35
Therefore, conditional on [(M1)| and [(M2)| holding, [(M3*)[ holds with probability (1 +

0(1))g?**. The probability that T* forms a copy of M is thus

where

(1+ o(1))pg? .
The number of 4-tuples (K, C,w,a) € T* is
n k+1 nk+2
. k—j+1)n—k—-1)=010+0(1)———-
and thus we have

pgitink+?

E(X,) =01+ 0(1))W

=0 ((logn)’*?), (3.9)

as required.
In order to prove the second statement of the lemma, we will show that E(X2) =
(14 0(1))E(X,)? and then apply Chebyshev’s inequality. We have

EX2) = > Pr({Xp=1}n{Xg =1}).
Ty Ty eT™

Given two 4-tuples T} = (K1, C1, w1, a1) and Ty = (K3, Ca, wa, az), we define
o [ =I(Ty,T5) := (K1 U{a1}) N (K2 U{az}) and i := |1
1 if Ky = Ko,

=s(17,15) ==

¢ o= T7) {2 otherwise;

e L, to be the set of all (j + 1)-subsets of {Cy U {a;} U {w,}} for £ =1,2 and
t =TT, T3) = [(£2 U L) \ {C1 U {wn }, Ca U{wa}},

i.e. the number of (j + 1)-sets that are sides of the (potential) j-shells of T} and
T, but not a base of either j-shell.
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If s = 2 and the intersection of the two simplices contains a petal, then 77 and
T3 cannot both form an M7, because would be violated. In the following, we
therefore assume that this is not the case.

The probability that both 17 and T3 satisfy is p°. As before, holds whp.
Conditioned on and holding, we claim that holds for both tuples
simultaneously with probability (1+0(1))g¢’. In order to prove this, denote the relevant
sides of the two j-shells by L1, ..., L;. As before, no k-simplex can contain more than
one side of the same j-shell, because otherwise it would also contain the base of the j-
shell, which would contradict In particular, no k-simplex contains at least three
of the L,;. Each L; lies in a k-simplex with probability (1 + o(1))q by . Moreover,
the number of (k + 1)-sets that contain L; U Ly for some i’ # i is O(n*~7~1). Thus,
the probability that L; lies in such a k-simplex is

- 1 )
1-(1-p)°="7" D=0 <Og2n> o(¢?).
n
This means that the probability that Li,...,L; all lie in k-simplices is (1 + o(1))q.
This in turn yields

Define T2(i, s,t) to be the set of pairs (T}, T5) € T* x T* with parameters i, s and
t. Denote by S the set of triples (i, s,t) for which T2(i, s, t) is non-empty. With this
notation, (3.10]) implies that

E(X7) = (1+o(1) > > p°q".

(i,8,t)€S (T, T3 )ET?(i,8,t)

Observe that |72(i, s,t)| = O(n?kT4=%). We can now estimate the contributions of all
the summands, distinguishing the possible values of s and 3.
Case 1: s=1. This means that K7 = K5 and thus ¢ > k + 1.

e i = k+1. In this case a; # as and thus the sets of sides of the two j-shells would
be disjoint, i.e. t = 25 + 2. Therefore we get a contribution of order

, _ B3 E(X,)?
o st 0) B 0 (5L _ e

e i = k+ 2. The two j-shells have the same apex vertex but may have different
bases. Thus ¢t > j 4+ 1 (with equality if the two bases are identical), which gives
a contribution of order

Opgit1n?+1-0+2) B 0 (5(x.)) = 0 (B(X.)?).

Case 2: s=2.

(0]



e i = 0. We show that this case represents the dominant contribution to E(X?2).
The two j-shells are disjoint, hence t = 25 + 2. Recall that we have

k+2

=

choices for T7. For any fixed T}, the number of choices for 75 that yield i = 0 is

n—k—1\/k+1 . B nkt2
( bt 1 )( j )(k:—j—l—l)(n—%—?))—(1+0(1))j!(kj)!.

Thus, the contribution of all such pairs is

p2q¥T2n2k+d G

o) G =02

(1+ o(1))E(X,)2.

e 1 < ¢ < j. In this case T and T3 cannot share a j-simplex of their shells, i.e.
t = 25 + 2. Therefore the contribution is

E(X,)?

nt

O (pPq2+2n2k+i=i) B9 ( ) = o(E(X.)?).

e { = j+1. Here, T7 and 7% can share at most one j-simplex of their shells, which
means t > 2j + 1 and we have a contribution of order

. i B-9) E(X.)?\ E3
O(pzng+1n2k+4 (J+1)) 0( q(anr)l > o(E(X,)?).

o j+2<i<k+2. Inthiscaset> j, because T} and 75 may share their j-shells
but have different bases, i.e. two j-simplices of the (potential) j-shells may be
automatically present because of K; and K5. Therefore the contribution is

; _i\ B3 E(X.)?\ 3
O(p2q]n2k+4 ) =k O<q§+2721> s O(E(X*)Q)

Summing over all cases shows that E(X2) = (1 + o(1))E(X,)?, as desired. Thus,
Chebyshev’s inequality implies that X. = (1 + o(1))E(X.) whp. O

Remark 3.4.5. The case s =1, ¢ = k 4 1 in the proof of Lemma [3.4.4] also gives the
expected number of pairs of copies of M7 coming from a common M; . Since this is
of order

nJ

_ 2j+3
O (pg®+2n+) o ((logn) > — o(1),

by Markov’s inequality we deduce that whp in G - ) each copy of M~ can be extended
.
to at most one copy of M. We will make use of this observation in Lemma [3.4.12
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In contrast to Remark , the following lemma ensures that at around p = pg.l),
whp every j-simplex in G, s the base of “many” j-shells. Thus it is very likely that
each copy of M ; gives rise to several copies of M7, allowing us to consider just copies

of M ; as obstructions to j-cohom-connectedness. In other words,

whp  for each p > pg-l), M; CG, = M;CGg,.
Combining this with (3.5]), the existence of copies of M;", M} and M; are essentially
equivalent for p > p§1). Recall from Definition |3.2.1 that for a complex G and a set B,
G + B is the complex obtained by adding the set B and its downward-closure to G.

Lemma 3.4.6. Let p = pgl). Then there exists a positive constant vy such that with
high probability for every (j + 1)-set B the complex G, + B contains at least yn many

j-shells that contain B.
Proof. Recall that

D10+ D) (Gi)nkd
Let Lq,..., L;jy1 denote the (j — 1)-simplices contained in B. We are interested in

the number of vertices a such that B U {a} forms a j-shell, i.e. the number of a ¢ B
such that L;U{a} is a j-simplex in G, + B for all i € [j+1]. To ensure independence in
the following calculations, we will only consider a certain type of such j-shells, giving
us a lower bound on their total number. Pick two disjoint sets A and D both of size
[n/3] such that AN B = DN B = (). We will consider only (potential) j-shells formed
in the following way.

e The vertex a is in A;

e for each i =1,...,j + 1, the j-simplex L; U {a} is present in G, (and thus also
in G, + B) as a subset of the k-simplex R; U L; U {a}, for some (not necessarily
distinct) (k — j)-sets Rq,..., Rjy1 in D.

In this way all the required j-simplices would come from different k-simplices, ensuring
independence.

Fix a € A and let E, be the event that B U {a} is a j-shell. Observe that for each
L;, the probability that there is no suitable set R; C D is

|D|

nk—id
1-p)2) <@ - p)Fiear,
Therefore, setting 8 := 10(5 + 1) (511)4’“*7(143 — 7)1, by independence we have

nk—J J+l
Pr(E,) > <1 -1 —p)‘l’“‘j“ﬂfﬂ>
S nk=J 1 nk=7 ?
=\ =i — P " 2 \ @k —j?

1 1 Jj+1
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The events F, are independent for distinct a, so the number of j-shells we count in
this way dominates Bi([n/3],A). Fixing a constant 0 < v < A/3, we can apply the
Chernoff bound (Lemma [3.2.2)) to deduce that

NS =) _ g (B2

Pr (Bi([n/3],A) <7n) < exp < 2n\/3 2)/3

Finally, taking a union bound over all (jil) possible choices for the set B, we can
bound the probability that the desired property does not hold by

(2o (22552) <

as required. O

We now also prove that shortly before the (claimed) critical threshold for Fo-
cohomological j-connectedness, the number of copies of M, is concentrated around
its expectation, using similar techniques as in Lemma [3.4.4]

Lemma 3.4.7. Let w = o(logn) be a function of n which tends to infinity as n — co.

Let
_ (j+1)logn+loglogn —w ,
€ |p;, : , E—D,
pE |p; (=1 Dk (k—J)

and let X_ be the number of copies of M in G,. Then E(X_) = Q(e*) and with high
probability X_ = (1+ o(1))E(X_).

Proof. Let K be a (k+ 1)-set and let C be a j-set in K. In order for (K, C) to form
a copy of M;", we need K to be a k-simplex and each petal of the flower F(K,C) =
{CU{w} | w e K\ C} to lie in no other k-simplex. For a fixed petal, the probability

of this event is equal to r = (1 — _79)(71;1;'1)_1 defined in (3.6). Moreover, there are
O(n¥=3=1) many (k + 1)-sets that contain more than one petal. Now since

1-p)°n" 7D =1 - 0(1),

whp there are no k-simplices containing more than one petal. Thus,

E(X):(1+a(1))( " )(’“ﬂ)prk-m

1)\
—romy(, 1) (M et e

The derivative of the right hand side of ([3.11]) with respect to p is negative through-
out the considered interval. Therefore the upper extreme of p gives the smallest ex-
pectation, which is of order

1
0(n*1)e (:f’j) O (exp (—(j + 1) logn — loglogn + w)) = © (¢*) — oco.
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In order to apply a second moment argument, we will now show that
E(X2) = (1+o(1))E(X_)?,

implying that whp X_ is concentrated around its expectation. Let 7~ denote the
family of pairs T~ = (K, (), where K C [n] with |[K| =k + 1 and C' is a j-subset of
K. Each of these pairs may form a copy of M, with K as k-simplex and C' as centre
of the flower F (K, C).
Given two pairs T} = (K1,C1) and T, = (K3, C3), we define
1 K=K
o s=s(Ty Ty ) =9, O
2 otherwise;
o Fy:=F(KyCy) for £ =1,2;
o t =t(T,,T, ) :=|F1 UFz|, i.e. the total number of (potential) petals.

The probability of two pairs in 7~ both forming a copy of M is (1+ o(1))prt. With
this observation, we can determine the contribution to E(X?) of the pairs with a fixed
value of s.

e s = 1. Petals can be shared, but certainly ¢ > k£ — j + 1 and the contribution is
at most of order

O (nF+iprk=i+1) O(E(X_)) = o(E(X_)?).

e s = 2. By definition, a petal cannot lie in any other k-simplex and thus only the
pairs with ¢ = 2(k — j + 1) have a positive probability of both forming a copy of
M; . The number of such pairs is

()T voemen=aean( 2 ) ()

Thus these pairs provide a contribution of

2 2
(1+0(1) (k i 1) (k j 1) 2=+ B2 (1 oy (X))

In total, we have E(X?) = (1+0(1))E(X_)?2, and Chebyshev’s inequality implies that
X_=(14o0(1))E(X_) whp. O

3.4.3 Excluding obstructions and determining the hitting time

The goal of this section is to determine when there are no more copies of M; in G, whp.
This result, together with Lemmas [3.4.6] and [3:4.7] will enable us to prove that whp
the birth time pys; is close to p;, the (claimed) threshold for j-cohom-connectedness

(Corollary [3.4.11}).
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Consider the probability

- (j +1)logn + £ loglogn .
= . k— . A2
pj (k? _j + 1)nk—3 ( .7) (3 )

Define pyy; as the first birth time p larger than p; such that there are no copies of M;
in G,. By Lemmas and[3.4.7} whp Gj; contains a growing number of copies of M;.
By definition of pys;, conditioned on this high probability event we have py, < pu,.
In the next lemma we show that in fact they are equal whp. To do so, we need the
following definition.

Definition 3.4.8. Given a k-complex G, a k-simplex K is a local obstacle if K contains
at least kK — j + 1 many j-simplices which are not contained in any other k-simplex of

g.

Note that this definition is similar to that of M, (Definition , but without the
restriction that the & — j 4+ 1 many j-simplices must form a flower.

Lemma 3.4.9. With high probability, for all p > p; every local obstacle that exists in
Gp also exists in Gp,. In particular, we have pyr; = pyr; whp.

Proof. Suppose that G, contains a local obstacle which is not present in G5, and let K
be the (k + 1)-set realising this obstacle. Then its birth time py satisfies px € (p;, p].
The set K can become a local obstacle only if

(i) K contains a collection £ of (at least) k — j 4+ 1 many (j + 1)-sets which are not
yet j-simplices in G, ;

(ii) pk is smaller than the birth time of any other (k+ 1)-set containing at least one
of the (j + 1)-sets in L.

IfK satisﬁes then for any (j+1)-set L € L, no (k+1)-set intersecting K precisely
in L is allowed to be a k-simplex in G5, and thus there are at least (";ﬁ;l) (k—j+1)
many (k + 1)-sets which are not k-simplices. Hence, given K and k — j + 1 fixed
(j +1)-sets within K, the probability of satisfying property in G, is bounded from
above by

n—k—1

(1— ﬁj)( W55 ) (R=it ) (14 o0(1))exp (— log (njH) —log ((log n)l/Q))

0 1

B (nj“\/logn) '

On the other hand, each (j + 1)-set in £ is contained in (";ﬂ ;1) potential k-simplices.
Let K denote the union of these sets of (k + 1)-sets over all (j 4+ 1)-sets in £. Observe
that in particular, K € K. In order for K to satisfy it would have to have the
smallest birth time of any (k + 1)-set in K. Conditional on all (k + 1)-sets of K not
being present as k-simplices in Gj,, their birth times are independent and uniformly
distributed in (p;, 1]. Thus the order in which the k-simplices of K are born is uniformly
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random, and in particular the probability that K is born first is |[K|™! = O (nk%)
Thus, the expected number of sets K satisfying and is at most

(0990 () () () o

and the conclusion follows by Markov’s inequality. O

Observe that in particular each copy of M is a local obstacle. Thus, we derive the
following corollary.

Corollary 3.4.10. Whp for all p > pu,, there are no copies of M; " in Gp.

We can now easily deduce that the birth time py;; at which the last copy of M; disap-
pears is close to p;. Observe that the following corollary is exactly Theorem [3.1.11

Corollary 3.4.11. Let w be any function of n which tends to infinity as n tends to

infinity. Then whp

(j+ 1) logn + loglogn + w
(k—j+1)nk—i

(j+ 1) logn + loglogn — w
(k—j+1)nk-J

Proof. We may assume without loss of generality that w = o(logn). By Lemmas
and 3-4~7|, pm; > D logntloglogn=w . _ ;)| whp. On the other hand, setting p =

(k=)

(k=) <pm; <

(k—j+1)nk—J
(JH(}:_gﬁJrll)ofklf% " (k — §)! and arguing as in LemmaE (see (3.11)), the expected
number of copies of M is bounded from above by

k (n—j—1~J

(I+o(1))n lpexp (—_ ' (k—j+ 1)p)
(k—J)!
=0 (n’Tlognexp (—(j + 1) logn — loglogn — w))
=0 (e) =o(1).

So by Markov’s inequality, whp there are no copies of M ; and thus also no copies of

M; in G, ie.

(j+1)logn +loglogn + w
(k—j+1)nk-a

and by Lemma [3.4.9 we have par, = par, whp. O

Pum; < (k=)

3.4.4 Covering the intervals: proof of Lemma [3.3.4]

In order to prove Lemma we show that for each j € [k — 1], whp there exist
three minimal obstructions which survive throughout each of the intervals [p;_;, pgl)],
) - .
[p5 ),pj ] and [p} , pa; ), respectively.
Recall that

1) 1
pt = — . (3.13)
T 10G + D)5k
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The first step is to show that at least one of the X, = ©((logn)’*?) copies of M

which are present whp at probability p;_; (Lemma D survives until time pg-l). To
do so, we will count the number of dangerous sets, that is (k+ 1)-sets which, if they are
selected as k-simplices, make one or more of copies of M} disappear. Then we show

that whp up to probability p§1) the number of copies of M} destroyed by dangerous

sets which became k-simplices is less than X,.

Lemma 3.4.12. With high probability one copy of M7 exists in G, throughout the

range [pjil,pg-l)].

Proof. Define x = 2E(X.) at time p =p;_ ;. By Lemma we know that whp
S<X. <@,

so let us condition on this high probability event occurring.

We know that we can generate Qp(n from gp_f ) by exposing an additional proba-

. .

o P —p7 1) L 1) . .

bility of JlTj’l < p; ', therefore we will use the upper bound p;” in the following
i—1

J
k-simplices in G,. A (k4 1)-set can contain at most (

calculations. Set p = p:’ and let Y be the number of dangerous sets selected as
k+1
j+1
be part of at most j + 1 different copies of M, since by definition a petal belongs

) petals, each of which can

to exactly one k-simplex and within this petal we have (j ';1) = j + 1 choices for the
centre which then uniquely defines the copy of M. So each of the k-simplices counted

by Y can destroy at most ¢ := (?i%) (j+1) copies of M;". Moreover, by Remark .3.4.5I;

whp ¢ is also the maximum number of copies of M that can disappear by adding a
dangerous set to the complex. Therefore, we now show that

Pr (cY > g) =o(1).

This will imply that whp ¢Y" < X, so at least one of the copies of M} counted by X.
will survive throughout the considered probability interval.

A dangerous (k + 1)-set makes one or more copies of M ; disappear if it becomes a
k-simplex and contains at least one petal of each of their flowers. For a copy of M7, the

number of (k+1)-sets that intersect it in at least one petal is at most (k—j-+1) (";ﬂ;l)

Therefore, whp the number of dangerous (k + 1)-sets is at most

. n—j—1 k—j+1 ,_. hei

Due to the independence of the chosen k-simplices, Y is dominated by Bi(V,p).
Since
x

. (3-13)
E(Bi(N.p) = Np B L
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by the Chernoff bound (Lemma [3.2.2]) we have
Pr (Y > 33) < Pr (Bi(N,p) > i)
c

< exp <_2(Np—|— (% —Np) /3)

because & ——2 oo by Lemmam O

We now consider the second subinterval [p(l), pj_] In this range, we will show that

whp one of the “many” copies of M;~ which exist whp at time p (Lemma i was
already present at the beginning of the interval. Together with the fact that whp each
M;" gives rise to a copy of M; (Lemma , this will imply that whp one copy of
M; exists throughout this interval.

Lemma 3.4.13. With high probability one copy of M, exists in G, throughout the

range [pg-l),p;].

Proof. Set

o 1 (j+1)logn ‘
p=r = (1~ Jmgm) a9

By Lemma |3.4.7|, at probability p the number X_ of copies of M ;s concentrated
around its expectation

(3.11)

E(X_) o (nk+1p(1 _p)(k—j+1)(”;i';l)) -0 (n% logn> 7

which is growing with n. Note that a fixed k-simplex can give rise to only (k j‘l) =0(1)
i1

different copies of M;". Therefore whp there are © (n Vg n log n) many copies of M~

that arise from different k-simplices, and whose birth times are thus independent.

Given that these copies exist at time P the birth times of the corresponding k-

simplices are uniformly distributed in the interval [0,p;]. The probability that any

fixed such copy already existed at time pg-l)

(1)
()
p; logn
Thus, because of the independence, the probability that none of them was present at

p§-1) is at most

is therefore

j+1

(oo () ) o o)) -

logn

as required. O

83



We now conclude the argument by covering the third interval [pj_, pu;) of the sub-
critical range.

Lemma 3.4.14. With high probability one copy of M, exists in G, throughout the
range [pgvaJ)

Proof. By the definition of p; and Corollary we know that whp p; = (1-
o(1))pns,. So, conditioning on this high probability event and arguing as in the proof
of Lemma the final minimal obstruction to disappear at time pys, already
existed at time p; with probability at least

Py
= 1-0(1),
" (1)

as required. O

Proof of Lemma[3.3.4 By Lemma” the copies of M from Lemmas |3.4.13| and
-whp give rise to copies of M*, thus in partlcular to copies of M;. Therefore,

Lemmas [3.4.12] [3.4.13] and [3.4.14] together imply Lemma [3.3:4] O

3.5 Critical window and supercritical regime

3.5.1 Overview

In this section, we study obstructions around the point of the claimed phase transition
and in the supercritical regime, that is, for p = (1+o0(1))p; and p > pys,, respectively.
The results of this section will form the foundation of the proof of Theorem mm
Furthermore, they will be an essential ingredient in the proof of Theorem [3.1.13

By the definition of pM., there are no copies of M; in G, (and whp also no copies
of M;" by Corollary 3 for any p > pas;. It remains to show that there are no
other obstructions elt er. In fact, we shall even prove (Corollary m ) that from
slightly before pys, onwards, all j-cocycles are generated by copies of M; (recall that
a j-cocycle is a j-cochain in ker 87, see Section . To make this more precise, we
need the following terminology.
Definition 3.5.1. Let (K,C) be a copy of M, in a k-complex G. We say that a
j-cochain fx ¢ arises from (K,C) if its support is the j-flower F(K,C). (Observe
that fx ¢ is then a j-cocycle.)

We say that a j-cocycle f in G is generated by copies of M, if it lies in the same
cohomology class as a sum of j-cocycles that arise from copies of M;". We denote by
Ng the set of j-cocycles that are not generated by copies of M ;-

Our goal is to show that whp Ng, = @ for p > p; (Corollaries |3.5.8| and |3.5.10D,
which in particular will imply that whp each j-cocycle in G, is also a j-coboundary
(i.e. there are no bad functions, see Definition for all p > pp;. Furthermore,
it will enable us to directly relate the number of copies of M) to the dimension of

HI(Gp; Fa) (cf. Theorem [3.1.13)).
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Definition 3.5.2. For each p € [0,1], let f, be a function in Ng, with smallest support
Sp, if such a function exists.

In order to prove that whp Ng, is empty, we show (Lemma that for any k-
complex G, a smallest support of elements of Ng (and so in particular S, in G,) would
have to be traversable (see Definition . We then show that whp no G, with p >
p;_; can contain a traversable support Sp. For “small” sizes of S, and p = (140(1))p;,
basic estimates and a union bound argument will suffice (Lemma; for larger size,
we will make use of traversability to define a breadth-first search process that finds
all possible supports. In this way, we can bound the number of possibilities for .S,
more carefully, thus allowing us to prove that whp for all relevant p simultaneously,
Sp cannot be “large” (Lemma. Finally, we complete the argument proving that
whp no new elements of ng with “small” support size can appear if we increase p

(Lemma [3.5.9)).

3.5.2 Traversability

Definition 3.5.3. Let G be a k-complex in which each simplex is contained in a
k-simplex, and let S be a collection of j-simplices of G. For 01,02 € S, we set

o1~ o0y if o7 and o9 lie in a common k-simplex.
We say that the set S is traversable if the transitive closure of ~ is S x S.

In other words, a set of j-simplices in such a k-complex is traversable if it cannot be
partitioned into two non-empty subsets such that each k-simplex (and thus also each
(j + 1)-simplex) contains j-simplices in at most one of the two subsets.

Lemma 3.5.4. Let G be a k-complex in which each simplex is contained in a k-simplex,
and let f be an element of Ng with smallest support S. Then S is traversable. In
particular, Sy, is traversable in Gy, if it exists, for each p € [0,1].

Proof. Suppose S is not traversable. Then we can find a partition S = T} U7, with
T; and T, non-empty such that each (j 4+ 1)-simplex of G contains j-simplices in at
most one of the two parts. Define g; and go to be j-cochains with supports 77 and
Ty, respectively. By the choice of T} and T5, both g; and g, are j-cocycles. Moreover,
neither of them lies in Mg by the minimality of S. As the property of being generated
by copies of M is closed under summation, f = g1 + g2 is generated by copies of M,
a contradiction to f € Ng.

3.5.3 Small supports

The following counting argument shows that whp, at around time p; traversable sup-
ports of j-cocycles of constant size do not exist. This implies in particular that S, (if
it exists) has to be “large”.

Lemma 3.5.5. For p = (14 o(1))p; and for any constant d > k — j + 2, with
high probability there is no j-cocycle in G, with traversable support of size s with
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k—j+2 < s <d. In particular, with high probability either S, does not exist or
|Sp| > d.

Proof. Consider a traversable support S of a j-cocycle of size s with k—7+2 < s < d.
Suppose that S covers v vertices and denote by ¢ the number of k-simplices that make
S traversable. These quantities are easily bounded by

S

i St <s<d, (3.14)
(1)
and
v<j+1+4+ (k- ). (3.15)
We know by Lemma [3.3.1] that if a k-simplex contains a j-simplex in S, then all its

n—uv

k + 1 vertices are covered by S. Therefore, all s(k_j) many (k + 1)-sets consisting
of the vertices of one j-simplex in S and k — j vertices not covered by S cannot be
k-simplices in G,. Thus, the probability that a fixed such S exists is at most

n—v s nF=3 nk—i—
pé(l—p)s(k—j) =p‘(1 —p) ((kfj)!+o( Fd 1))

o[ (195" exp (= 20+ D).
_O<<nk—j> exp( k_j+llogn+o(logn)

-0 (n—f(k—j)—i(_jﬁ:i +o(1) (Jog n)l) .

Denote by E;, ¢ the event that a traversable support S with parameters s, v, and ¢
exists. There are O(n") different ways of choosing S, thus

s(j+1)

Pr(Es ) = O (n”_z(k_j)_k—J+1+°(1)(10g n)z) .

Using (3.15) and the fact that s > k — j + 2, we obtain

s(F+1)
k—j+1

" |
toy< -2t Lomy<-—I

vtk =g) - k—j+1

and thus
Pr(Es ) = o(1).

Finally, observe that by (3.14]) and (3.15)), there is only a constant number of possible
values for s, v, and £. Therefore, the probability that any such support S exists is
o(1), as required. O

logn
loglogn

Note that a similar argument also works for s up to O( ), but we only

need it for constant size, since we will cover the range between constant size and size

logn
loglogn

) with a different argument that we use for all large s.

86



3.5.4 Large supports

For larger support sizes, the previous calculations do not work anymore and we will
need a more careful technique for bounding the number of possible supports, namely
a breadth-first search process. We will also make use of the following proposition due
to Meshulam and Wallach [53].

Proposition 3.5.6 (|53, Proposition 3.1]). Let A be the downward-closure of the
(n — 1)-simplex on vertex set [n], where n > j +2. For f € CI(A), define w(f) to be
the smallest size of a support of a j-cochain of the type f+387"1g, where g € CI71(A).
Furthermore, denote by b(f) the size of the support of 67 f, i.e. the number of (j +1)-
simplices in A containing an odd number of j-simplices of the support in f. Then

w(f)n
b > —_.
(=2
In the next lemma we show that whp in the supercritical range, a smallest support
of elements of Ng, cannot be “large”.

Lemma 3.5.7. There exists a positive constant d such that with high probability for
all p > p; , either Sy, does not exist or |Sp| < d.

Proof. Write s := |S,|. By Lemma S, (if it exists) is traversable and thus we can
discover it via the following breadth-first search process: start from any j-simplex in
S, and query all (k+ 1)-sets containing it. Since S, is the support of the j-cocycle f,,
any of these sets which forms a k-simplex must contain at least one other j-simplex in
Sp. From all j-simplices in S}, found in this way, we can continue the process according
to some pre-determined order of j-simplices, but we explore only (k 4 1)-sets which
would give us some previously undiscovered j-simplex in S,. By the traversability of
Sp, we discover all of S}, in this process.

Let us bound the number of traversable supports of size s which are contained
in £ < s many k-simplices (recall ), which we can find via the described search
process. Define the sequence b = (by, ..., bs), where b; > 0 is the number of k-simplices
we discover from the i-th j-simplex in this process. From the i-th j-simplex we may

query up to (kﬁj) many (k+1)-sets and for each of the b; discovered k-simplices we can

find at most (’;ﬁ) — 1 new j-simplices of the support, so this can happen in at most
n k

((kl;j))2(.7¢i)bi different ways. Thus, if we condition on the sequence b, the number of

i

supports of size s we can find is bounded from above by
, ¢
s sim n (H;))
(" VI (6)atm < o ((2)208))
JHU o\ b a [T bl

where we are using that Y ;_, b; = (.

In order to apply Proposition to f, (which is possible, because G, is a sub-
complex of A), let us determine the value w(f,). First observe that for p > p;~, whp
G, has a complete (j — 1)-dimensional skeleton, which can be proved by a simple first
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moment calculation. Thus, if we consider f,+d’~'g with g € C?7!(A), then whp also
g € C771(G,) and thus f, + ¢/ ~!g lies in the same cohomology class of H7(G,;Fs) as
fp- By the minimality of S, this implies that w(f,) = |Sp| = s whp. For the rest of
the proof, let us condition on this high probability event.

Now Proposition '3.5.6| tells us that at least jsfz many (5 + 2)-sets would form odd

(j +1)-simplices if they were present in G,. The fact that f, is a j-cocycle implies that
no such (j + 2)-set is allowed to be in a k-simplex. Each (j + 2)-set is contained in
(Z:g:f) many (k -+ 1)-sets, each of which contains (’;ié) many (j 4 2)-sets. Therefore
the number of (k + 1)-sets that cannot be chosen as k-simplices in G, is at least

.y

G+2(7)

for some constant ay = ag(k,j) > 0. Thus, the probability that a fixed support
exists together with the ¢ many k-simplices that make it traversable, but that no odd
(7 + 1)-simplices are present is at most

n( > F=0 > aplnt—I
= QpSn = Qpkn 5

(s -

The derivative of this expression with respect to p is negative throughout the range
p = pj , therefore in the following calculations involving p we can use the lower bound

p; - Given the sequence b, the probability g, that some such support exists and that
the connecting k-simplices have no odd (j 4 1)-simplices satisfies

s N
QQHbi! < nitl (2(1‘11) <k ﬁ j)p(l _ p)aonk’>

i=1

. . e
< it <2<§¢;><J+1>logne—<l—o<l>>aomm—wwgn)
= k—j+1

. j N4
< pitl (n—aok_fﬁ(k—ﬁ!)

< ndTlp—at < nf%le

3

where aq = aq(k,j) > 0 and the last inequality holds for ¢ > 2(3047";1) Moreover, since
l> ﬁ, we can find another positive constant as such that
i+l
S
qQHbZ-! <nT %28, (3.16)
i=1

For each sequence b = (by, ..., bs) define

t(b) == |{i: by = n**/?}]
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and let B; be the set of all sequences b such that ¢(b) = ¢t. We can crudely bound | B/,
the number of sequences in By, by

t
t n agz/2\s—t
’ (kj) )

On the other hand, if b € By, then

s no2/3\
Hbz' > ((naz/Q)!)t > ((nocz/Q) : ) > ntn“2/4.
=1

Summing over all possible sequences b, we obtain

ZHZ 1 bi! ;beZBt Hl 10
t —
s St(kﬁ]) (na2/2)s t
ntn“2/4

<
t=0

t
ne s/2 )
’ Z <na2/2nn“‘2/4>
< (s+ 1)na25/2. (3.17)

Combining (3.16]) and (3.17)), the probability that some support of fixed size s exists
is at most

(5+ l)nags/anags < n*QQS/S.
Let d > 4(];742'1) be a constant. If we sum over all s > d, we see that the probability
that S, exists and |S,| > d is at most n~224/4_ This holds for every p > p; and thus,
taking a union bound over all O(n**!) birth times in this range, the probability for
Sp of size at least d to exist for any p > p; is O (nk"’l_(“?d/‘l)), which tends to zero

for our choice of d. O

We can now show that whp for p “close” to p; each j-cocycle in G, arises from copies
of M.
J

Corollary 3.5.8. For every p = (1+o0(1))p; with p > p}, we have Ng, = 0 with high
probability.

Proof. By Lemma and the definition of Ng, (Definition , whp either S,
does not exist or |Sp| > k — j + 2. Furthermore, Lemma tells us that whp for all
p = p; , either S, does not exist or it must be of constant size. For p = (14 0(1))py,
Lemma implies that whp S}, does not have constant size, and thus whp S, does
not exist, meaning that whp Ng, is empty. O
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3.5.5 Monotonicity with high probability

Although the existence of bad functions in G, is not intrinsically a monotone property,
in this section we show that in fact, from time py;, on, whp this property behaves in
a monotone way.

By Corollary B.4.11} whp we can apply Corollary [3.5.8 with p = pa;, therefore
whp ngMj is empty. In other words, whp there are no bad functions in gpMj, ie.

HI (QpMj ;IF3) = 0. However, we still need to prove that G, does not lose this property
for any larger p. More precisely, we already know by Lemma that whp no G, for
p > pu; contains a j-cocycle with “large” support, but “small” supports have been
excluded by Lemma only in the range p = (1 + o(1))p;. In the next lemma
we show that if a new obstruction appears, then the k-simplex whose birth causes
this appearance must be a local obstacle (Definition . But we already know
by Lemma [3.4.9] that whp no new local obstacles appear, which will complete the
argument.

Lemma 3.5.9. Whp either ng =0 forallp > P, or the k-simplex K with smallest
birth time px > pu,, for which Ng, #0, forms a local obstacle in Gy, .

Proof. The lemma is trivially true if whp ./\/gp =(forallp>p M;, we may thus assume
that K exists with positive probability. Let p < pg be such that G,,, = G, + K.
Suppose first that S,, NG, # 0. Let S be a maximal subset of S,, which is
traversable in G, and let f be the j-cochain in G, with support S. Every k-simplex
of G, containing some j-simplex in S cannot contain j-simplices in Sy, \ S by the
maximality of S. Therefore, every (j + 1)-simplex of G, is even with respect to f,
because it is even with respect to f,, . This means that f is a j-cocycle in G,.
Lemma m implies that there exists a constant d such that whp |S,,| < d and

thus also |S| < d. But Lemma together with the fact that p > pp;, > pg-l)
whp, implies that whp each j-simplex in S lies in linearly many j-shells in G, at most
|S] — 1 of which can contain other elements of S. Thus, whp there are j-shells in G,
that contain precisely one element of S, which means that f is not a j-coboundary,
Le. [ is a bad function in G,. Now recall that whp there are no copies of M, in G,
by Corollary and thus all bad functions lie in Ng,. This means that Ng, # 0,
a contradiction to the choice of K.

Thus, whp Sp, is entirely contained in K and its simplices are not in other k-
simplices of G,,. Moreover, it follows from Lemma that [Sp| > k—j+1,

implying that whp K forms a local obstacle in G, . O

The following corollary shows that in the supercritical regime p > pas;, whp no
Jj-cocycle arises from copies of M.

Corollary 3.5.10. With high probability Ng, = 0 for all p > Py, stmultaneously.
Proof. Recall that by Corollaries and[3.5.8 Ng, =0 whp. If Ng, # 0 for some

p > pu;, then whp the k-simplex whose birth creates a j-cocycle that is not generated
by copies of M ; would form a local obstacle by Lemma But Lemma tells
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us that whp no new local obstacles appear after time p;, which whp is smaller than
pu; by (3.12) and Corollary 3.4.11 O

3.6 Proofs of main results

3.6.1 Proof of Theorem 3.1.11]

Corollary [3.:4.11] states that for any function w of n which tends to infinity as n — oo,
whp we have

i + 1)logn + loglogn + w
(j+1)log glog
(k—j7+1)nk-J

i +1)logn + loglogn —w
(j+1)log g log
(k—7+1)nk-J

which is precisely Theorem [3.1.11J|(1)
To prove recall that Lemma states that for all i € [j], whp H*(Gp; F2) # 0
for all p € [p,_y,par,). By [} whp for all i € [j — 1]

(k=3 <pm; < (k— ),

1 (t+1)logn . _
> 11— (k —1)! = p;
> (1= ) i S D= =0

J
and thus whp G, is not j-cohom-connected throughout J [p;_,pnr,) = [po P, )-
i=1 '

Now observe that by Lemma whp pr > p, and that G, is not topologically con-
nected in [0, pr) by the definition of pr. Therefore, whp G, is not j-cohom-connected
in

[OapMj) = [0,pT) U [pavaj)a

as required.
It remains to prove We have to show that whp there are no bad functions in
Gp for every p > par,. By Corollary 3.4.10, whp for all p > pay,, there are no copies of

M in Gp. Thus, if HI(G,;Fy) # 0, then any representative of a non-zero cohomology

class cannot arise from copies of M and therefore lies in Ng, (Definition . But
by Corollary [3.5.10, whp each such Ng, is empty and thus whp HI(G,;Fy) = 0 for all
p > pu,. Analogously, whp all cohomology groups H'(G,;Fs) for i € [j — 1] vanish,

because whp par, < par; by Finally, by and Lemma whp pr < pu;,
meaning that whp G, is topologically connected for all p > pys,. This implies that
whp each such G, is Fo-cohomologically j-connected. O

3.6.2 Proof of Corollary [3.1.12]

Let w be any function of n which tends to infinity as n — co. It is known (see e.g. [53])

that whp
klogn —w klogn + w

Disol (318)

The proof is an easy application of the first and second moment methods.
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In order to prove that peonn = Pisol Whp, suppose that a (k — 1)-simplex o is isolated
in Y, for some p. The indicator function f, of ¢ is a (k — 1)-cocycle, because ¢ is
isolated. But f, is not a (k — 1)-coboundary, because o lies in (n — k many) (k — 1)-
shells. In particular, H k_l(yp;IE‘g) # 0. By the definitions of peonn and pigor, this
implies that peconn = Pisol-

For the opposite direction, fix the birth times of all k-simplices. Then for all p > piso1,
we have ), = G, and therefore ), is Fo-cohomologically (k — 1)-connected whp for

every p > max(Pisol, PM,_, ) by Theorem |3.1.11||i iiiil By (3.18) and Theorem [3.1.11

whp for any (slowly) growing function w

klogn —w S klogn + loglogn + w

isol >
Disol m

> PMy_q>

hence whp for all p > piso1 we have H*"1(Y,;Fo) = H*1(G,;F2) = 0. This means
that Whp Peonn < Pisol and thus Pconn = Pisol, a8 required. O

3.6.3 Proof of Theorem 3.1.13
We are interested in the asymptotic distribution of D; := dim (Hj (Gp; Fg)) for

_ (j+1)logn +loglogn + c, PR

where ¢, 270 ceR.

Recall that X_ is the random variable defined in Lemma which counts the
number of copies of M ;- We apply the method of moments (Lemma to X_,
showing that it converges in distribution to a Poisson random variable with expectation

(j+1)e =

A=
7k —j+1)2)!

Subsequently, we will prove that whp X_ = D;. In particular this will imply that
d
Dj — PO()\J‘),

as required.

In order to determine the expectation of X_, let K C [n] be a (k+ 1)-set and let C
be a j-subset of K. Recall that the probability that a (potential) petal C'U {w} with
w € K\ C lies in no other k-simplex is given by

r— (1= p)(E)-

(see (3.6)). Arguing as in Lemma [3.4.7] we see that dependencies between the petals
are negligible and thus

E(X_) = (1—|—0(1))(ki 1) (k;l)prkﬂ'ﬂ. (3.19)
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We observe that

rkmitt = (1 = p) (257 -1 (ki)
= <_nk_j k—i+1 O (nk—-1 O (nF—ip2
exp ( — 51k =3+ Dp+0 (" 7'p) + O (n*p?)

=exp(—(j+1)logn —loglogn — ¢, + o(1))

e ‘n
Therefore, we have
nktl (+ 1)logn +loglogn + ¢,
EX_)=(1 1 - k— j)le e
X) = Qo) oG ™ (o Db llogn b - d)ke
(] + 1)6_6" Ccp—rC

Denote by 7~ the set of all pairs (K, C) that can form a copy of M;" in G,. For each
T~ € T, denote by Xp- the indicator random variable of the event that T~ forms
a copy of M 5 in Gp. For each fixed integer ¢ > 1, we now determine the binomial

moments E()i) _ Z Pr( ﬂ {Xr- = 1}> :
se(™)

T-€S

Suppose first that all T~ € S have different (k + 1)-sets. In this case, if all T~ € S
form copies of M, none of the petals are shared (by property of M, see
Definition . If we choose t distinct (k + 1)-sets uniformly at random, whp they
will be disjoint and in particular no two 1] ,7, € S will share a petal. To choose ¢
distinct (k + 1)-sets, there are

(90 — 1oy )

t t!

choices. Therefore, the contribution to IE(X[) made by the sets S for which all T~ € S
have distinct (k 4 1)-set is

(14 o(1)) ((k.;il)> <k j 1) ptrtte=irn B (g o 0(1))E();—)t

B2 (14 0(1)):—{, (3.22)

which is the desired asymptotic value.
We now show that the contribution coming from sets S whose elements use u < ¢
different (k + 1)-sets is negligible. We have ((kqtl)) ways to select the (k + 1)-sets and

t
at most u!™% (k';l) different ways to locate the ¢ potential M;" in them. Moreover,
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observe that two different copies of M ; in the same k-simplex share at most one petal
(otherwise they would have the same centre and thus be identical) and in that case
these two copies have (k — j + 1) + (k — j) petals in total. This means that each of
the v many (k + 1)-sets contains at least k — j + 1 petals, and at least one (k + 1)-set
contains at least (k — j + 1) + (k — j) petals. Therefore the total number of petals
required for such a set S is bounded from below by w(k — j 4+ 1) 4+ (k — 7). In total,
the contribution of such sets S to the binomial moment is at most

n t
(k+1) oyt k+1 (k=i +) kg
u J

Replacing ¢ by « in (3.22), we deduce that

((’“gl))ut_“ (k j 1>tp"7““(k_j+1) —(1+ 0(1))%“ (u (k j 1>)H —o(1).

Furthermore, (3.20)) yields 7*~7 = o(1). Together with ([3.22)), we deduce that
X_ Al
E< . > = (1+0(1))F

for each fixed integer ¢ > 1. Now Lemmayields x_ 4 Po(A;).

It remains to show that X_ = D; whp. To this end, denote by fi,..., fx_ the
J-cocycles arising from the copies of M;" in G,. Corollary in particular implies
that whp the cohomology classes of f1,..., fx_ generate H’(G,;F2), which means that

X_>Dj.
In order to prove the opposite direction, we show that the cohomology classes of
fi,--., fx_ are linearly independent. Observe first that whp X_ = o(n) by Markov’s

inequality, because X_ has bounded expectation. Let I C [X_] be non-empty and
let S be the support of >, ; fi;. By the arguments above for ¢t = 2 and u = 1, whp
there are no two M~ that share the same k-simplex. Thus, whp the f;’s have disjoint

of an M (Definition , and in particular S # 0. Pick
L € S. Lemma [3.4.6] and the fact that p > pj1 tell us that whp there are ©(n)
many j-shells in G, that contain L. All these j-shells meet only in L, thus at most
|S] < (k—j7+1)|I] = o(n) of them can contain another j-simplex in S. Thus, there are
j-shells that meet S only in L, showing that ), ; f; is not a j-coboundary. Therefore
the cohomology classes of f1,..., fx_ are linearly independent whp. This shows that
whp X_ < Dj; and thus X_ = Dj, as desired.

Together with X _ 4, Po(};), this proves that D; 4 Po(A;). By Theorem [3.1.11
(for j — 1 instead of j) whp H%(G,;F2) = Fo and H*(G,;Fa) =0 for all i € [j — 1]. In
particular,

support by property

Pr(G, is j-cohom-connected) = Pr (H?(G,; F2) = 0) + o(1)
= (14 0(1)) Pr (Po(\;) = 0)
=(1+o0(1))e .
This concludes the proof of Theorem [3.1.13] O
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3.7 Concluding remarks

3.7.1 Comparison of proof methods

Let us note that for the subcritical regime (Theorem |3.1.11 , one might try to use
a different approach in order to prove that H7 (Gp; F2) does not vanish in the interval
[p;_1:Pm;)- If the dimension of Cj (Gp) (viewed as an Fa-vector space) is larger than
the sum of the dimensions of C'~1(G,) and C7T1(G,), then H?(G,;F3) # 0 would
follow. However, this behaviour only happens for “small” p € [pj__l,pMj) and, more
importantly, only for j > % In contrast, our proof method works for all values
of j. Moreover, our result that [p;l,pMj) whp is covered by three copies of M;
(Lemma , together with the fact that whp gpg has isolated vertices (this can be
proved using an easy second moment argument), implies the following slightly stronger
statement.

Proposition 3.7.1. With high probability for every p < pu,, the complex G, contains
an isolated vertex or a copy of M; for some i € [j].

In the supercritical regime (Theorem , the counting methods used in [48,
53| for Y, are not sufficient to prove the non-existence of j-cocycles in G,. This is due
to the fact that these methods have been designed for the special case j = k — 1 and
for a threshold which is about twice as large as py_1. For this reason, the more careful
arguments used in Lemmas to [3:5.9] become necessary.

3.7.2 Alternative models

There are several ways to define random k-complexes. If the k-simplices are chosen
independently with probability p, then the models Y, and G, are somewhat extremal
constructions, in the sense that ), contains all simplices of lower dimension, while
G, only comprises those simplices that are necessary in order to be a complex. What
happens in between, i.e. when the complex contains all simplices in G,, but in addi-
tion, some simplices of dimensions 1, ...,k — 1 might be added in a random fashion?
Depending on the choice of probabilities, such a complex might show behaviour that
is different from both ), and G,.

Random complexes also arise naturally from random graphs. For instance, the
random cliqgue complex X,(n) (also known as flag compler) on vertex set [n] can
be defined as the maximal complex whose 1-skeleton is the binomial random graph.
Equivalently, a non-empty set U C [n] forms a simplex in X,(n) if and only if U is
a clique in the binomial random graph. Topological properties of X,(n) have been
studied in [24}/41,/42]. Another example is the random neighbourhood complex arising
from the binomial random graph by letting each non-empty set of vertices that have
a common neighbour form a simplex [40]. See [43] for an overview of these and other
models of random complexes.
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3.7.3 Other notions of connectedness

The vanishing of cohomology groups with coefficients in Fy is just one possible way
of defining the concept of “connectedness” of G,. An obvious alternative would be to
consider coefficients from other groups or fields. For ), such notions of connectedness
have been studied for coefficients in any finite abelian group, in Z, or in any field
13,/41}36,149,/51,/53]. In particular, the threshold for the vanishing of H*=1(),; R) for a
finite abelian group R is independent of the choice of R [53].

For G,, it is not obvious whether the threshold for j-cohom-connectedness depends
on the choice of the group of coefficients. An indication that the threshold might
in fact be independent of the group is the observation that M; remains the minimal
obstruction when the coefficients are taken from any abelian group. It is possible that
adapting the arguments in this paper would prove that the results remain true for
cohomology groups with any abelian group of coefficients replacing Fs.

A rather strong notion of connectedness would be to require the homotopy groups
71(Gp), ..., m;(Gp) to vanish. For the 2-dimensional case, the vanishing of m1(Y,) was
studied by Babson, Hoffman and Kahle [5]. In particular, they showed that whp
71(Yp) # 0 at the time that H'(),;F2) becomes zero. From that time on, the models
Y, and G, coincide. As m(Gp) # 0 follows immediately from Ht (Gp;Fa) # 0, the
range that should be of particular interest with respect to 71 (G,) in the 2-dimensional
case is .

logn + 5 loglogn <p< 210gn+w.
n n

A natural conjecture would be that whp m1(Gp) # 0 in this range.

3.7.4 Appearance of (co-)homology groups

Theorem provides a limit result for the dimension D; = dim(H(G,;F2)) of the
Jj-th cohomology group of G, around the point of the phase transition. It would be
interesting to know the behaviour of D; also for earlier regimes. More precisely, how
large is D; in the interval [p;_;, pa,)? How far below p;_; do we have D; > 0 whp?

One might also ask when the j-th homology group first becomes non-trivial. If we
consider the homology group over Fs, this is equivalent to the j-th cohomology group
becoming non-trivial, but with more general coefficients, this may no longer be true.
In the case j = k, the k-th homology group of G, is the same as the k-th homology
group of V,, and the threshold for the appearance of this homology group over R was
determined by Linial and Peled [49].
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4 Cohomology groups of non-uniform
random simplicial complexes

4.1 Introduction

4.1.1 Motivation

One of the first and most famous results in the theory of random graphs, due to
Erdds and Rényi 28], states that the uniform random graph G(n, m) displays a phase
transition threshold for the property of being connected at about m = %nlog n edges.
Almost equivalenty, in modern terminology, with high probability the binomial random
graph G(n,p) becomes connected around p = M% (see [60]).

The result was subsequently strengthened by Bollobds and Thomason [15] to a hitting
time result—the random graph process, in which edges are added to an initially empty
graph one by one in a uniformly random order, is very likely to become connected at
exactly the moment at which the last isolated vertex disappears (i.e. acquires an edge).

More recently, there has been a focus on generalising graphs to higher-dimensional
structures. Omne very well-studied higher-dimensional analogue of graphs is hyper-
graphs (most often uniform hypergraphs), in which one may consider the notion of
vertex-connectedness (see e.g. |74(8l|13}/14}/25145/571/59]) or of high-order connectedness
(also known as j-tuple-connectedness, e.g. [19420%22}/44]).

Simplicial complexes have also seen a great deal of attention as higher-dimensional
analogues of graphs. The study of random simplicial complexes was initiated by Linial
and Meshulam [48], who studied a model on vertex set [n] in which each 2-simplex is
present with probability p = p(n) independently, and all 1-simplices are always present.
The notion of connectedness they studied involved the vanishing of the first homology
group over Fy (or equivalently the first cohomology group over Fs), and they proved
that this property undergoes a phase transition at threshold p = %. This threshold
is related to the disappearance of the last isolated 1-simplex (i.e. a 1-simplex that does
not lie in any 2-simplex) as was subsequently proved by Kahle and Pittel [44].

Meshulam and Wallach [53] extended the result of |48] to random simplicial k-
complexes with full (k — 1)-skeleton (for any k > 2), proving that the threshold for the
vanishing of the (k—1)-th (co)homology group over Fy, or indeed over any finite abelian
group R, undergoes a phase transition at threshold p = % In [17], we proved
the corresponding hitting time result for cohomology over Fs, relating cohomological
connectedness to the disappearance of the last isolated (k — 1)-simplex, as a corollary
of results about a slightly different model of random simplicial k-complexes generated
from a random binomial (k + 1)-uniform hypergraph by taking the downward-closure
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(so in particular, the complex does not necessarily have a full (k — 1)-skeleton).

Since then, many different models of random simplicial complexes have been in-
troduced (see e.g. [24L40H43]), as well as several notions of connectedness have been
analysed (see e.g. [3,/4,136,/51]). In this paper, we consider a model of random sim-
plicial complexes generated from non-uniform random hypergraphs, and for cohomol-
ogy groups over an arbitrary (not necessarily finite) abelian group R. We note that
our model includes both the model introduced by Linial and Meshulam, which was
extended by Meshulam and Wallach, and the model we introduced in |17] as spe-
cial cases, and therefore our main result extends and unifies the results of [17], [48],
and [53]. We also note that our model is equivalent to the ‘upper model’ which was
recently introduced independently in [32], although [32] considers different ranges of
probabilities and different properties to the ones we focus on in this paper.

4.1.2 Model

Throughout the paper let d > 2 be a fixed integer and let R be an abelian group with
at least two elements. We use additive notation for the group operation of R and
denote its neutral element by Or. For an integer k > 1, we write [k] := {1,...,k} and
[klo := {0,...,k}. If A is a set with at least k elements, we denote by (‘2) the family

of k-element subsets of A and we call K € (‘2) a k-set of A.

Definition 4.1.1. A family G of non-empty finite subsets of a vertex set V is called
a simplicial complex on V if it is downward-closed, i.e. if every non-empty set A that
is contained in a set B € G also lies in G, and if furthermore the singleton {v} is in G
for every v € V.

The elements of a simplicial complex G which have cardinality ¢ + 1 are called i-
simplices of G. If G has no (d + 1)-simplices, then we call it d-dimensional, or a
d—complemﬂ If G is a d-complex, then for each j € [d — 1]o the j-skeleton of G is the
j-complex formed by all i-simplices in G with i € [J]o.

We define a model of a random d-complex generated from a random non-uniform
hypergraph, in which sets of vertices have different probabilities of forming an edge
depending on their size.

Definition 4.1.2. For each k € [d], let pi, = pr(n) € [0,1] C R be given and write
p := (p1,-..,pd). Denote by G(n,p) the binomial (non-uniform) random hypergraph
on vertex set [n] in which, for all k € [d], each element of (k[i]l) forms an edge with
probability py independently. By G(n,p), we denote the random d-dimensional sim-
plicial complex on [n] such that

e the O-simplices of G(n,p) are the singletons of [n] and

e for each i € [d], the i-simplices are precisely the (i + 1)-sets which are contained
in edges of G(n,p).

INote that we do not require G to contain any d-simplices in order to be d-dimensional. This is in
contrast to the usual terminology, but we adopt this convention for technical convenience.
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In other words, G(n, p) is the downward-closure of the set of edges of G(n, p), together
with all singletons of [n] (if those are not already in the downward—closure)ﬂ

Denote by H'(G; R) the i-th cohomology group of a simplicial complex G with coef-
ficients in R (see in Section for a formal definition). It is well-known that
H°(G; R) = R if and only if G is connected in the topological sense (see e.g. [55, The-
orem 42.1]), which we call topologically connected in order to distinguish it from other
notions of connectedness. Observe that topological connectedness of G is equivalent
to vertex-connectedness of the underlying hypergraph. For any integer ¢ > 1, the
vanishing of H*(G; R) can be viewed as a ‘higher-order connectedness’ of G.

Definition 4.1.3. Given a non-negative integer j, a simplicial complex G is called
R-cohomologically j-connected (j-cohom-connected for short) if

(i) HY(G: R) = R;
(ii) HY(G;R) =0 for all i € [j].

We note that the analogous definition of connectedness considered by Meshulam and
Wallach in [53] was only for the case j = d — 1, and only demanded the vanishing of
the (d — 1)-th cohomology group—this was reasonable since with the complete (d —1)-
dimensional skeleton, the i-th cohomology group must always vanish for all ¢+ < d — 2
(or equal R if i = 0).

4.1.3 Main results

We will consider asymptotic properties of G(n,p) as the number of vertices n tends
to infinity, hence all asymptotics in the paper are with respect to n. In particular, we
say that a property or an event holds with high probability, abbreviated to whp, if the
probability tends to 1 as n tends to infinity.

Our first main theorem will relate the j-cohom-connectedness of G(n,p) to the
absence of any minimal obstructions to this property. We call these obstructions copies
of Mj’k for any k with j < k < d (these will be defined later, see Definitions
and, and we will see in Sectionthat the presence of any of these configurations
in G(n, p) is a witness for the non-vanishing of H?(G(n,p); R) (Corollary, which
is ‘minimal’ in a natural sense (Lemma [4.4.10)).

In particular, the strongest relation between j-cohom-connectedness and the absence
of copies of M 4.k will be a hitting time result, analogous to the result of Bollobds and
Thomason [15] for graphs, for which we will need to turn the random d-complex G(n, p)
into a process. We do this by assigning a birth time to each k-simplex: more precisely,
for each k € [d] and each (k + 1)-set K € (k[i]l) independently, sample a birth time
uniformly at random from [0, 1]. Then G(n, p) is exactly the complex generated by the
(k+1)-sets with birth times at most py, for all k& € [d], by taking the downward-closure.

2Note that if (dil)pd is small, then it is likely that there are no d-simplices—it is for this reason that

we slightly abuse terminology by referring to a d-complex even if there may not be any d-simplices.
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If we fix a ‘direction’ p = (p1,...,pq) of non-negative real numbers (not necessarily
less than 1) with pg # 0, set

p = 7P := (min{7p1,1},..., min{rpg, 1}),
and gradually increase 7 from 0 to

Tmax -— 1/Z3d7

then G(n,p) becomes a process in which simplices (together with their downward-
closure) arrive one by oneEl We will denote this process by (G(n,7D))re[0,rmax]> OF
sometimes just by (G;) when the direction p is clear from the context. In this way, 7
may be thought of as a ‘time’ parameter. Let us note that if we consider a snapshot
of the process (G;) at time 7 = 79, then it has the same distribution as G,,. Therefore
we will often give definitions or state and prove results for the random complex G, for
some appropriate value of 7, and subsequently apply them to the process at that time,
meaning in particular that G, C G,, if 79 < 7, i.e. we have a natural coupling of the
random complexes rather than sampling them independently. In other words, for the
rest of the paper we take one sample of random birth times uniformly from [0, 1] and
independently for all simplices, and whenever we refer to G,, we mean the complex
generated by the simplices with scaled birth times (scaled according to p) at most 7
(see in Section for the formal definition of scaled birth time).

Note that the evolution of the process (G, ) is unchanged if the direction p is scaled
by a multiplicative factor. Therefore we would like to scale p so that we expect the
last copy of M .k to disappear when 7 is close to 1. Indeed, our first main result (The-
orem in particular states that this happens for a specific type of direction that
we call j-critical and that will be formally defined in Section (Definition .
Theorem 4.1.4 (Hitting time). For j € [d — 1] and a j-critical direction p =
(P1, P2, - - -y Da) with pg # 0, let G- = G(n, TDP), let Tmax = 1/Pa, and let

7/ :=sup{T € R>¢ | G; contains a copy of Mj,k for some k with j < k < d}.

Then for every function w of n which tends to infinity as n — oo, the following
statements hold with high probability.

(Z) T; =1+o (10‘gn>'

(ii) For all 7 € [0,7]), the random d-complex process (G,) is not R-cohomologically
j-connected, i.e.

H°G.;R)# R or H'G;;R)#0 for somei € [j].

(i4) For all T € [T}, Tmax|, the random d-complex process (G,) is R-cohomologically
j-connected, i.e.
H°(G.;R)=R and H'(G,;R) =0 for alli < [j].

30bserve that by time T = Tmax, all d-simplices will be present deterministically, and therefore also
all simplices of dimension k < d will be present as part of their downward-closure.
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Observe that in Theorem [£.1.4] we do not consider j-cohom-connectedness for the
case j = 0. Indeed, the condition H°(G,; R) = R corresponds to the topological
connectedness of G, i.e. vertex-connectedness of the underlying (non-uniform) random
hypergraph, that has been extensively studied, and for which much stronger results are
known (see e.g. [19,57]). However, topological connectedness is a necessary condition
for the j-cohom-connectedness of G, (see Definition , therefore in order to make
this paper self-contained, this case is treated separately in Lemma |4.3.2

Furthermore, we observe that neither j-cohom-connectedness nor the presence of
copies of M .k are necessarily monotone properties (as we will see in Example ,
which makes the proofs significantly harder. Indeed, it is not immediately clear that
j-cohom-connectedness should have a single threshold—in principle, the random d-
complex process (G,) could switch between being j-cohom-connected or not several
times. However, Theorem [.T.4]implies that with high probability this does not happen
and there is indeed a single threshold.

Our second main result gives an asymptotic description of the j-th cohomology
group of G, for values of 7 in the critical window, i.e. 7 =1+ O(1/logn).

Theorem 4.1.5 (Rank in the critical window). Let ¢ € R be a constant and suppose
that (¢p)n>1 is a sequence of real numbers with ¢, ———» c. Letj € [d—1], T = I+,
and consider p = Tp for a j-critical direction p. Then there exists a constant £ =
E(c,p) such that with high probability

H/ (G R) = R,
where Y is a Poisson random variable with mean E.

The constant £ will be explicitly defined in (4.4)).

4.1.4 Proof techniques

The three statements of the Hitting Time Theorem (Theorem follow from the
auxiliary results presented in Section 4.3} which in turn are proved throughout the
paper.

We show in Lemmathat the choice of a j-critical direction p (Deﬁnition
implies that the last minimal obstruction disappears at around time 7 = 1, thus
proving statement [(i)] of Theorem

The main ingredient in the proof of Theorem will be Lemma which
states that for every constant ¢ > 0, whp H’(G,; R) # 0 for every 7 in the interval

€ *
Ii(e) = [nf)
To prove this, in Section we split I;(e) into three subintervals and show that
whp in each of these there exists a copy of the obstruction Mj,k for some j < k < d
(Lemmas[4.7.1] [4.7.3|and [4.7.4),, and thus H7(G,; R) # 0 (Corollary[4.4.9). In addition,
we show that there exists an appropriate scaling factor 7 such that the vector 7p is an
i-critical direction, for every i € [j—1] (Lemma. Thus we can apply Lemmam
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with j replaced by i and find intervals I;(g) where whp H*(G,; R) # 0 (Corollary.
We further define an interval Iy(e) and show that whp G, is not topologically connected
for every 7 € Iy(¢) (Lemma . In this way we can complete the argument, by
showing that we can choose € such that [0,7]) = Ui_, Li(¢) and thus G, is not j-
cohom-connected throughout the subcritical case.

By definition of 7, whp for any 7 > 7 there are no copies of the minimal obstruction

M ik, thus in order to prove statement of Theoremwe need to show that whp
no other ‘larger’ obstructions to the vanishing of H?(G,; R) appear in the complex.
This is given by Lemma [4.3.7] which we prove in Section We show that the
smallest support of any non-zero element of the cohomology group must be traversable
(Lemma , a very useful property that allows us to define a search process, with
which we can construct such a support. By bounding the number of ways this search
process can evolve, we also bound the number of possible supports and the probability
that such a non-zero element of the cohomology group exists (Lemmasand.

To prove the Rank Theorem (Theorem [£.1.5), in Section [£.9]we will use the fact that
for values of 7 ‘close’ to 1 whp the only obstructions to j-cohom-connectedness are
copies of Mjk (Corollary and that indeed they are a minimal set of generators
for H7(G.; R). We conclude by showing that the number of such obstructions converges
in distribution to a Poisson random variable (Lemma .

4.1.5 Outline of the paper

The paper is structured as follows.

In Section we introduce some preliminary concepts regarding the parametrisa-
tion of a j-critical direction, as well as some standard concepts of cohomology theory.

Section [4.3| contains the main auxiliary results that we combine to prove the Hitting
Time Theorem (Theorem [.1.4)).

The proofs of the auxiliary results of Section .9 will follow in Sections In
particular, the results of Section will also lay the foundation of the proof of the
Rank Theorem (Theorem [£.1.5)), which is presented in Section

In Section [4.10] we explain in more detail why with the choice of a j-critical direction,
Theorems[4.1.4) and [f.1.5] cover all interesting cases. The standard but technical proofs
of many auxiliary results are included in Section for completeness.

Finally, in Section [£.12] we discuss our main results and present some open problems.

4.2 Preliminaries

4.2.1 Parametrisation

In this section we will define the concept of j-critical direction, which appears in
Theorems 1.4 and 1.5l
Given a direction p = (p1, ..., Dd), let k be an index such that py # 0, and let K be
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a (k + 1)-set with birth time ¢x. The scaled birth time of K is defined as

t
T = —. 4.1
7 (4.1)
(If pr = 0 we view all (k + 1)-sets as having infinite scaled birth time.) Thus 7x is
distributed uniformly in [0,1/pg], and G, consists of all those simplices with scaled
birth time at most 7, together with their downward—closurdﬂ
The motivation of the following definitions will become apparent later (Lemma

and Section [4.10)).

Definition 4.2.1. Given j € [d — 1], a vector p = (p1,...,pa) is called j-admissible

if for each 1 < k < d there are real-valued constants &x,Jx, and a function S = Bi(n)

such that _
ay logn + B )

= W(k—ﬁ!» (4.2)

and furthermore

(A1) at least one of &g, 7y is zero and neither of them is negative;

(A2) if az = 0, then either By = 0 or f is positive and subpolynomial in the sense
that for every constant € > 0, we have 8, = o(n®), but S = w(n™°);

(A3) if 4, = 0, then |Bx| = o(logn);
(A4) there exists an index j + 1 < ko < d with a, > 0.

The following observation follows immediately from the definition, and will be used
implicitly at many points in the paper.
Remark 4.2.2. If p is j-admissible and k& > j + 1, then py = O (%) =o(1). In

particular, if p = 7p for some 7 = O(1), then p;, < 1.

This observation means that, for k£ > j + 1 and for 7 not too large, we have that
pr = TPk is indeed a probability term and we can use it in calculations without having
to replace it by 1. On the other hand, for £k = j we often need to be slightly more
careful.

Note that some of the properties in Definition can be guaranteed simply by
scaling p and choosing ax, 7%, B, appropriately, but that some other properties place
restrictions on the direction. However, we will see later (Section that it is reason-
able to restrict attention to j-admissible vectors p. Indeed, by scaling appropriately
we can even go further: given a j-admissible vector p = (p1,...,pq4), for every index

4With probability 1 no two simplices have the same birth time.
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k with j < k < d and p; # 0 we define the parameters

_ d
MNe=j+l=qp—(k=j+ 1)) a,

i=j+1
2 0 if pp > 1,
i . B ip )
Hi ::—(k—J+1)Z, —= +qloglogn if pp <1and ag #0,
i=j+1 nYi _ o 3 A 3)
log(Bk) if pr <1 and ay = 0, (4.

—log((j +1)!) ik = j,
v = ¢ —log(j!) —log(k — j + 1) + log(ax) if ay # 0,

—log(j!) —log(k —j +1) otherwise.

Note that all Xk, Dy are constants (since the @; are constants), while the fi; are
functions of n, with fi, = o(logn) by Definition [£.2.1]

Definition 4.2.3. We say that a j-admissible vector p is a j-critical direction if:
(C1) Aplogn + fip + 7, <0, for all indices k with j < k < d and py, # 0;
(C2) Aglogn + fif + 7, =0,  for some k with j < k < d.

More generally, if we have a vector p = (p1,...,pq) (where we will usually have
p = 7Pp), we would like to define parameters analogous to those for p.

Definition 4.2.4. Given a vector p = (p1,...,pa), for each j < k < d, define

T I
: n—o0o (k — ])'logn ’

e = sup{y € R [ ppn* =9+ = o(1)},
k—J+7k
.n bk
B = 7@ — ag logn.

Furthermore, we define the parameters Ay, px, and vy analogously to (4.3), with ag,
Yk, and S replaced by ag, vk, and S, respectively.

The following observation follows directly from the definition.

Remark 4.2.5. If p is a j-critical direction and p = 7p for some 7 = O(1), then the
analogue of [(Al)| also holds for p, i.e. for all 1 < k < d, at least one of ay, 7y is zero
and neither of them is negative.

In order to prove Theorem we will need to take a closer look at how the
process behaves within the critical window, which is the range where whp the complex
G, switches from being not j-cohom-connected to being j-cohom-connected. More
precisely, we consider 7 = 14 O(1/logn) (cf. Theorem [{1.5). We also need the
following concepts.
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Definition 4.2.6. Given a j-critical direction p = (p1,...,Pq4), an index k with j <
k < dand py # 0 is called a critical dimension if Mg logn 4+ fiy + o = O(1), i.e. Ay =0
and fi, = O(1) (recall that 7, = O(1)). We denote by C = C(p, j) the set of all critical
dimensions for the j-critical direction p.

For any 7 = 1+ O(1/logn), the critical dimensions are precisely those indices k
for which there is a positive probability of having copies of M; ; in G,. Furthermore,

with ¢, —=5 ¢ € R, then the constant £ appeared in

Cn

if we consider 7 = 1+ 220
Theorem is precisely

€= exp(—c(j+1)) Y _ exp(fin+ 7 + ), (4.4)

as we will define in the proof of Theorem (Section [1.9). We will also see that for

any critical dimension k, the term exp(fig + V% + c(yx —j — 1)) is closely related to the
number of copies of M;;, (Corollary )

4.2.2 Cohomology

Let us review the standard notions of cohomology groups of a d-dimensional simplicial
complex G.

Let j € [d]o. To define cohomology groups, one considers ordered j-simplices, that
is, j-simplices with an ordering of their verticesﬂ We adopt the notation [vo, ..., v;]
for a j-simplex whose vertices are ordered vy,...,v;. If 0 = [vg,...,v;] is an ordered
j-simplex and ¢ € [j]o, then [vg,...,¥;,...,v;] denotes the ordered (j — 1)-simplex
obtained from o by removing v; (and preserving the order on the remaining vertices).

A function f from the set of ordered j-simplices in G to R is called a j-cochain
if f(o) = —f(0’) whenever ¢’ is obtained from o by exchanging the positions of two
vertices in the ordering of the simplex. For a j-cochain f, we define its support supp(f)
to be the set of unordered simplices o such that f maps some (and thus every) ordering
of o to a non-zero value.

The set C7(G; R) of j-cochains in G forms a group with respect to pointwise sum-
mation, defined by (f1 + f2)(o) = fi(o) + f2(0). For j € [d — 1]o, we define the
coboundary operator §7: C7(G; R) — C'TY(G; R) by

. j+1 .
(O ) ([Wor - vl = D (=D f ([0, -84, v311)).

Clearly, 67 is a group homomorphism. Furthermore, let 6~ and 6 denote the unique
group homomorphisms §=1: {0} — C°(G; R) and 6¢: C4(G; R) — {0}. For each j €
[d]o, the j-cochains in ker 67 and in im d7~! are called j-cocycles and j-coboundaries,
respectively. A straightforward calculation shows that every j-coboundary is also a
j-cocycle. Thus, we can define the j-th cohomology group of G with coefficients in R

as the quotient group
HY(G; R) := ker 67 /im 67 . (4.5)
5When we consider simplices without an ordering, we shall often simply refer to them as ‘simplices’

instead of ‘unordered simplices’.

105



4.2.3 Non-vanishing of cohomology groups

In view of Theorems and we are particularly interested in when H7(G; R)
vanishes for j € [d — 1], which happens if and only if every j-cocycle is also a j-
coboundary. Hence, we need a criterion for a j-cocycle (or more generally a j-cochain)
not to be a j-coboundary, which will be provided by Lemma [£.2.8] To this end, we
give the following necessary definition.

Definition 4.2.7. For any (j+2)-set A in a complex G, the collection of all (j+1)-sets
of A is called a j-shell if each of them forms a j-simplex in G.

If the collection of all (j 4 1)-subsets of a (j + 2)-set A forms a j-shell, with a slight
abuse of terminology we also refer to the set A itself as a j-shell.

Lemma 4.2.8. Let j € [d— 1], let f be a j-cochain in a d-dimensional complex G on
[n] and suppose that there exwists A € (; ]2) such that

[n
i+
(i) A is a j-shell in G and

(ii) precisely one (j + 1)-set of A lies in the support of f.

Then f is not a j-coboundary in G.

Proof. Let G’ := G U {A} and observe that this is a simplicial complex, because all
proper non-empty subsets of A were already simplices in G by condition Denote
the vertices in A by vo,...,vj41 such that {vy,...,v;41} € supp(f). By this
means that

f(lvo, ..., 05, 0541]) =0 & i#0.
Thus we have
Jj+1
(& F)([vo, -, v5]) = D (=1 f([vo, - Biy -y v541]) = f([vn, -, 0541]) # Or.
=0

This implies that while f may be a j-cocycle in G, it is certainly not a j-cocycle in G'.
Thus in particular f is not a j-coboundary in G’. Since G and G’ have the same sets
of j-simplices and of (j — 1)-simplices, this means that f is also not a j-coboundary in
g. O

4.3 Hitting Time Theorem: proof of Theorem [4.1.4]

In this section, we provide an outline of the most important auxiliary results of the
paper and show how together they prove the Hitting Time Theorem (Theorem [4.1.4]).
These auxiliary results are proved throughout the rest of the paper.
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4.3.1 Hitting time and subcritical case

To prove Theorem recall that 77 is the birth time of the simplex whose
appearance causes the last copy of Mj,k for any j < k < d to disappear. We want
to show that this happens at around time 7 = 1. More precisely, we will prove the
following.

Lemma 4.3.1. Let w be a function of n that tends to infinity as n — oo. If p is a
j-critical direction, then whp

1- 2 < <1+
logn 7

logn’
Stateme of Theorem will be a corollary of Lemma [4.3.1] which is proved

in Section Indeed, we will prove a slightly stronger result (Lemma [4.6.1)).
For the subcritical case (i.e. statement [(ii)) of Theorem [£.1.4] we first determine the
threshold for the topological connectedness of G(n,p), i.e. when H°(G(n,p); R) = R.

Lemma 4.3.2. There exist positive constants ¢~ = ¢~ (d) and ¢t = ¢t (d) such that
(i) whp G(n,p) is not topologically connected if py < C_Tll# for all k € [d];

(i) whp G(n,p) is topologically connected if py > J:L# for some k € [d].

The proof of Lemma (1)| consists of an easy application of the second moment
method, while Lemma follows from [17, Lemma 4.1]. For completeness, we

include the proof of both parts of Lemma in Section

Remark 4.3.3. In fact, with a slightly more careful extension of the argument, one
could strengthen Lemma to give the exact threshold for the non-uniform case.
More precisely, if pp, = %582 for k € [d], where each ¢, may now be a function in n,

nk
then G(n,p) contains isolated vertices whp provided 22:1 Z=1- w(@), whereas

G(n,p) is topologically connected whp if 22:1 & =1+w( L) We omit the proof

logn
of this stronger statement, which is a standard generalisation of the graph case.

In particular, Lemma [£.3.2] will imply that we can choose a positive constant & such
that the process (G, ) is whp not topologically connected, and thus also not j-cohom-
connected, for every 7 € [0, -5].

In order to cover the whole interval [0, 77), the following result, whose proof is in
Section [L.7], will be key.

Lemma 4.3.4. Let € > 0 be a constant and define

Ii(e) := |:E,T;) .

n

Then, whp H7(G; R) # 0 for every T € I;(e).
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In particular, we will show that for any 7 € I;(¢) whp thereis an index k with j < k <d

such that a copy of the minimal obstruction ]\ij’k exists in G, (Lemmas
and [4.7.4)).

For the remaining range of the subcritical interval [0,7}), we want to consider the
cohomology groups H*(G,; R) with i € [j — 1] and determine in which subintervals
they do not vanish, i.e. we want to find an analogue of Lemma for H'(G; R).
To do this, we need to show that starting from a j-critical direction p we can use an
appropriate rescaling to obtain an ¢-critical direction.

Lemma 4.3.5. If p is a j-critical direction, then for each i € [j — 1] there exist a
constant ) = n; > 0 and a function € = €;(n) = o(1) such that the vector <P is an
i-critical direction.

Although Lemmal[£.3.5]is intuitively obvious, its proof is rather technical. We therefore
delay the proof of Lemma [4.3.5] until Section [4.11.2
Using Lemma [4.3.5] we can consider for general ¢ € [j] the hitting time 7; for the

disappearance of the last minimal obstruction M; ;. More precisely, for the j-critical
direction p as in Theorem and G, = G(n,7Pp) and for each i € [j], let

77 :=sup{r € R>o | G, contains a copy of M; for some k with i < k < d}. (4.6)

Observe that for ¢ = 7, this hitting time matches with the definition of 7 in Theo-
rem We derive the following result from Lemmas [£.3.1} f.3.4] and [£.3.5]

Corollary 4.3.6. Let € > 0 be a constant and i € [j]. Define

I;(e) == [ﬁ,ﬁ) .

Then, whp
(i) H(G,; R) # 0 for every T € I;();

(ii) if i # j, there exists a positive constant n = n; such that 77 = ":;O,(l .
Indeed, statement of Corollary also holds for ¢ = j, with n =n; =1

(Lemma 4.3.1)).

Proof. If i = j, statement [(i)|is given by Lemma
For any i € [j — 1], by Lemma [4.3.5| we can appropriately scale p to obtain an
i-critical direction :ﬁi p. Thus, by Lemmas |4.3.4| and 4.3.1| applied with j replaced

by 4, we obtain |(i)| and respectively. O

4.3.2 Supercritical case

In Theorem we consider T € [T]-*,Tmax]. By definition of 7, we know that

whp in this range there is no copy of the minimal obstruction MMC to j-cohom-
connectedness for any j < k < d, but we also have to exclude other type of obstructions.
In Section we indeed prove the following.
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Lemma 4.3.7. Whp for every T € [T}, Tmax], we have H/(G,;R) = 0.

Observe that since the choice of j was arbitrary, Lemma [£.3.7) also holds when j is
replaced by any i € [j — 1].

4.3.3 Proof of Theorem 4.1.4

We now apply the auxiliary results of Sections and to prove the Hitting
Time Theorem (Theorem [4.1.4).

Proof. Fix a function w of n which tends to infinity as n — oco. To show that whp

7} = 1+o(w/logn), it suffices to apply Lemma with any function w’ which tends

to infinity but satisfies w’ = o(w), e.g. picking w” = /w will suffice.

For ¢ > 0, define
€
IO(E) = |:O, E:| .

By definition of j-admissibility (Definition , for every k € [d] we have p, =
O(logn/n*=7). Thus, by Lemma we can choose ¢ small enough such that whp

for every T € Iy(e), H°(G,;R) # R. (4.7)

Now consider the intervals I;(¢). By Corollary we can choose £ small
enough (namely £ < 7; for every i € [j]) such that for each 4

Li(e) N 1iy1(g) 2 {%,T;) # 0,

and thus

U 16 =07 (4.8)

By Corollary for e > 0 whp H*(G,; R) # 0 for every 7 € I;(¢). Thus, by

choosing ¢ such that conditions and hold simultaneously, whp the process
(G-) is not j-cohom-connected for all 7 € [0, 77), as required.
[(iii)| Recalling that py, = O(logn/n*~7) for any k € [d] by Definition[4.2.1] Lemmal[4.3.2]
implies that we can find a positive constant 9 such that whp H°(G,; R) = R for every
TE [%, Tmax], which whp contains the interval [}, Timax| by Lemma

Furthermore, by Lemma applied for every i € [j], whp H*(G,; R) = 0 for every

T € [7}, Tmax), which contains [}, Timay] by Corollary Thus, whp the process
(G-) is j-cohom-connected for every 7 € [T, Tiax], as required. O

4.4 Minimal obstructions

In this section we define copies of M; j, (Definitions and and we explain why
these objects can be interpreted as minimal obstrucions to j-cohom-connectedness.

For the rest of the paper, let j € [d — 1] be fixed. We first introduce the following
necessary concepts.
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Definition 4.4.1. Let k be an integer with j < k < d. Given a k-simplex K in a
d-dimensional simplicial complex G, we say that a collection F = {Fy,..., Py—;} of
j-simplices forms a j-flower in K (see Figure [4.1)) if

s
(F1) K =U;iZy i

(F2) there exists C with |C| = j that is contained in P; for every i € [k — j]o.

We call the j-simplices P; the petals and the set C' the centre of the j-flower F. When
j is clear from the context, we often refer to the j-flower F simply as flower.

¢ K K
w1 w1 C3

Wo wq

o Wo C2

(a) (b) (c)

Figure 4.1: Examples of j-flowers in a k-simplex K, for k =3 and j = 1,2, 3.
(a) The 1-flower in K with centre C = {¢1} (bold black) and petals P; =
CU{w;},i=0,1,2 (grey).
(b) The 2-flower in K with centre C' = {c1,ce} (bold black) and petals
P, =CU{w;},i=0,1 (grey).
(c¢) The 3-flower in K with centre C = {c1,c2,¢3} (bold black) and the
unique petal Py = CU{wp} = K (grey).

Observe that for each k-simplex K and each (j — 1)-simplex C' C K, there is a
unique j-flower in K with centre C', namely

F(K,C) = {CU{w} |we K\C). (4.9)

Note that if k¥ = j, then any choice of a centre C' C K produces the same flower
F(K,C)={CU{K\ C}} = {K}, with the set K itself as unique petal.

Definition 4.4.2. Let k be an integer with j +1 < k < d. We say that a 4-tuple
(K,C,w,a) forms a copy of M; (see Figure in a simplicial complex G if

(M1) K is a k-simplex in G;

(M2) Cis a (j — 1)-simplex in K such that every simplex of G that contains a petal
of the flower F = F(K, C) is itself contained in K;

(M3) we K\ C and a € [n]\ K are such that C U {w} U {a} is a j-shell in G.

We call the j-simplex CU{w} the base and a the apez vertex of the j-shell CU{w}U{a}.
Every other j-simplex in the j-shell C' U {w} U {a} is called a side of the j-shell.
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Figure 4.2: A copy of Mj,k, for k=4 and j = 2.
(a) The k-simplex K contains the flower F(K, C) with centre C' = {c1, c2},
whose petals CU{w}, CU{z}, and CU{y} are not present in any simplex
which is not contained in K.
(b) The (j+2)-set CU{w}U{a} is a j-shell whose base is the petal CU{w}
and with apex vertex a ¢ K.

We want to give an analogous definition for the case kK = j and it will be convenient
to use unified terminology. However, as observed before, if K is a (j + 1)-set, then a
j-flower F(K,C) is always equal to K itself, independently of the choice of the centre
C' in K. In particular, in this case condition simply says that K is an isolated
j-simplex in G, i.e. a j-simplex that is not contained in any other simplex of G. This
means that given K, the sets that would be required to be simplices or not in G do not
change for different choices of the centre C', and therefore we do not want to consider
two copies of M; ; to be distinct if they share the same j-simplex but have different
centres. For this reason, to define M. 4.5 we will use the following ‘canonical’ choice for
the centre.

Definition 4.4.3. We say that a 4-tuple (K, C,w, a) forms a copy of Mj,j in G if
e K is an isolated j-simplex in G;
e a € [n]\ K is such that K U {a} is a j-shell in G;

e C consists of the first j vertices of K in the increasing order on [n], and w is the
last vertex of K in this order.

The notions of base, apex vertez, and side are analogous to Definition [£.4.2}]

It is easy to see that a copy of M ; in Definition satisfies conditions |(M1)H(M3)
of Definition [4.4.2] R
Let us now define a ‘reduced’ version of M;, denoted by M, by omitting the

condition [(M3)|on the j-shell C' U {w} U {a} in Definitions and
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Definition 4.4.4. Let k be an integer with j + 1 < k < d. A pair (K,C) is called a
copy of Mj ;. if it satisfies the following conditions.

(M1) K is a k-simplex in G;

(M2) Cis a (j — 1)-simplex in K such that every simplex of G that contains a petal
of the flower F = F(K,C) is contained in K.

We need an analogous concept for the case k = j.
Definition 4.4.5. A pair (K, C) is called a copy of M ; if
e K is an isolated j-simplex;

e C consists of the first j vertices in K in the increasing order of [n].

We shall see later (Corollary that the shell required forin Deﬁnitionm
is very likely to exist if 7 is ‘large enough’, which will be the case well before the
critical range for the disappearance of M; ;. Thus the presence of Mj’k and of Mj
are essentially equivalent events for sufficiently large 7, allowing us to switch our focus
to the simpler M; .

We also define the following random variables, which we will later use to count the
number of minimal obstructions in the complex (e.g. Lemma.

Definition 4.4.6. For j < k < d, let
Xjx = X; k(1) :=|{ copies of M, in G, }|

and R A )
Xk = X;k(r) = |{ copies of M in G, }|.

s

We now justify our interpretation of Mj,k as a minimal obstruction to j-cohom-
connectedness, first observing that it is certainly an obstruction (Corollary. To
show this, we define a j-cocycle which is not a j-coboundary—the function we choose
will depend only on the underlying copy of (K, C) of M; .

Definition 4.4.7. Let M = (K, C) be a copy of M;  in a simplicial complex.
(i) We denote by Ord(K, C) the (unique) ordering vy, ..., v,—1 of all vertices in [n]
such that C' = {vo,...,vj_1}, K = {vg,..., v}, and furthermore the vertices

within C, within K\ C, and within [n]\ K are ordered according to the increasing
order in [n].

(ii) Given Ord(K,C), for any r € R we define the following j-cochain fas,. For
every ordered j-simplex o = [v;,,...,v;,] with ig < --- < i;, we set

fa(o) =

r ifoe F(K,C), ie is=sfor0<s<j—1landj<i; <k,
0r otherwise,

and we extend this function to all j-simplices with different orderings so as to
obtain a j-cochain.
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Proposition 4.4.8. Let M = (K, C) be a copy of M; i, in a simplicial complex G and
let f be a j-cochain whose support is contained within the flower F(K,C). Then the
following hold.

(i) The j-cochain f is a j-cocycle if and only if f = far,r for some r € R.

(ii) Suppose that there exist w € K \ C and a € [n] \ K such that (K,C,w,a) is a
copy of Mj in G. Then f is a j-cocycle but not a j-coboundary if and only if
f = fuy for somer € R\ {Or}.

Proof. First observe that if &k = j then F(K,C) = {K} and K is an isolated
j-simplex by Definition Hence a j-cochain with support contained in K is
necessarily of the form fas,, where » € R is the value it assigns to (the appropriate
ordering of) K, and is a j-cocycle since no (j + 1)-simplex contains K.

Now consider k with & > j+1. Let K = {vy,...,v;} and C = {vo, ..., vj_1} accord-
ing to Ord(K, C), and let p be a (j+1)-simplex. By (87 f)(p) = Og follows imme-
diately unless C' C p C K. We may therefore assume that p = {vg,...,vj_1, vi,, i, },
with 7 <47 < iy < k. Then we have

(07 F)(p) = (=1 f([vo, - -, v5-1,05,]) + (=1 f([vo, - -, w1, 03, ).

This implies that f is a j-cocycle if and only if it takes the same value r € R on each
petal [vg,...,vj_1,v;] with j <14 <k, ie. if and only if f = fasr.

If f is a j-cocycle and not a j-coboundary, bywe already know that there exists
r € R such that f = fuy . If r = Og, then f = Og and thus f is a j-coboundary, a
contradiction.

Conversely, if f = far,» for some r € R\ {Or}, then f is a j-cocycle by Further-
more, property in Definition implies that C U {w} U {a} is a j-shell that
meets the support of f in precisely one petal, namely in C U {w}. Thus Lemma
yields that f is not a j-coboundary. O

Corollary 4.4.9. Suppose that in a simplicial complex G the 4-tuple M = (K,C,w,a)
forms a copy of M. Then H’(G; R) # 0.

Proof. For any r € R\ {Og}, the function fas, defined in Deﬁnitionis a j-cocyle
but not a j-coboundary by Proposition i.e. the cohomology class of fys,, is
a non-zero element of H7(G; R). O

The next lemma shows that copies of Mj,k are also (in a natural sense) minimal
obstructions. Given a k-simplex K and a collection S of j-simplices, define Sk to be
the set of j-simplices of S contained in K.

Lemma 4.4.10. Let S be the support of a j-cocycle f in a d-complex G. Then for
each k with j +1 < k < d and each k-simplex K,

(1) either Sk =0 or both |Sk| >k —7+1 and Uses, = K;

(i) if |Sk| =k — j + 1, then Sk forms a j-flower in K.
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Note in particular that the lemma implies that the support S of any non-trivial
j-cocycle satisfies at least one of the following three properties:

e Sk is empty for every k-simplex K
o [S|>k—j+2
o |S|=k—j+1andS forms a j-flower in some k-simplex K.

Since in the latter case an apex vertex is the simplest (though by no means the only)
way of ensuring that the corresponding j-cocycle is not a j-coboundary, this justifies
why a copy of Mj,k may be considered a minimal obstruction to the vanishing of the
j-th cohomology group.

Proof of Lemmal[{.4.10 Suppose Sk # 0 and let 09 € Sk. Denote the vertices of
oo and of K \ og by wo,...,u; and by vy, ..., vx_;, respectively. For each i € [k — j],
the ordered (j + 1)-simplex [ug, ..., u;,v;] has to be mapped to Og by ¢/ f and thus
the underlying unordered simplex o U {v;} contains some j-simplex o; € Sk \ {00},
which therefore contains v;. The simplices og, ...,or—; are distinct, because each v;
lies in o; but in no other o;. Therefore [Sk| >k — j+ 1 and

k—j
K 2 Ui:O g; 2 O'Ou{’Ul,...,’Uk_j} = K.

Suppose now that Sg = {0o,...,0,—;} with 0¢,...,0,_; defined as above. For
2 < i < k—j (if such indices exist), the (j 4 1)-simplex o := o1 U{v;} contains o1, but
no o; with i’ ¢ {1,i}. By the choice of f as a j-cocycle, 67 f maps each ordering of o
to O and thus o has to contain at least two elements of Sk, implying that o; C o.
This means that

o1No; = U\{’Uh’()i} =09MNoy.

As this holds for all i, Sk forms a flower in K with centre C' = og N oy. O]

The proofs of our main results (Theorems and are significantly more
difficult than might naively be expected due to the fact that both the presence of
copies of M .k and j-cohom-connectedness in G, are not monotone properties. Indeed,
we observe that in Definition m while and are monotone increasing
properties, property is monotone decreasing. Thus, in principle the random
process (G, ) could oscillate between being j-cohom-connected or not, as the following
example shows.

Example 4.4.11. We consider the case j = 1. Let G be the simplicial complex on
vertex set {1,2, 3,4} generated by the hypergraph with edges {1, 2}, {1, 3}, and {3,4},
as in Figure £33 It is easy to see that G is 1-cohom-connected and thus contains no
copies of MLk for any k > 1. If we add the 2-simplex {2,3,4} (and its downward-
closure) to G, the 4-tuple ({2, 3,4}, {3},2,1) creates a copy of ]\Zfl,g and thus we obtain
a complex G’ which is not 1-cohom-connected. Adding the 2-simplex {1,2,3} to G’
yields the complex G” which is again 1-cohom-connected and thus contains no copies
of Ml,k for any k > 1.
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g g G"

Figure 4.3: Adding simplices might create new copies of M ;& or destroy existing ones.

In order to determine the critical range for the disappearance of copies of M; , in
Lemma [4.4.13] we will calculate the expectation of Xy, i.e. the number of copies of
M; i, (Definition [4.4.6)). We first estimate the probability of Define

o N d _ (nfi'fg)

7=q(p;n,j) = Hk:jﬂ(l TN (4.10)
Observe that g is the probability that a given set of j + 1 vertices (which may or may
not form a j-simplex) is not in any k-simplex of G(n,p) (i.e. 7 = 1) for any k > j + 1.
Moreover if p is a j-admissible direction, by Definition [4.2.1] we have

g=(1+o0(1))exp < ZZ:J_H <ak logn + ﬁ)) (4.11)

because by at least one of ay, 7y is zero and thus ST’; = Q.

The next lemma implies that for any 7 = O(1), the probability of in G, is
approximately ¢ "(*~7+t1) e state the lemma in a slightly more general setting, since
we will need to apply it in different situations (for example when calculating the second
moment of X ).

Proposition 4.4.12. Let 7 = O(1) and let p = (p1,...,p4) = 7D for a j-admissible
direction p. Let J be a collection of O(1) many (j + 1)-sets in [n] and let S be a
collection of O(1) many sets of vertices of size between j +2 and d+ 1. Let A be the
event that no (j + 1)-set of J lies in any k-simplex K of G, with j +1 < k < d and
K ¢&S. Then

Pr(A) = (14 0(1))g "1

Proof. We first observe that for j + 1 < k < d, the number of (k + 1)-sets which
contain at least two distinct (j + 1)-sets of J is at most (1)) (b_j_y) = O(nF=771),
and therefore the number of (k + 1)-sets that must not be k-simplices in order for
A to hold is |j|(";ﬁ;1) —O(n*=i71) —|§] = |j|(”;ﬂ;1) — O(n*=3=1). Thus, since
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Pr(4) = szj+1(1 _pk)IJI(";i;l)—O(nk—jfl)
= (1+o(1)) HZ:j+1(1 —rp)IE)

= (1+o0(1))exp <_|j7—ZZ—j+1 (n ;i; 1)pk>

(1+ 0177,

as claimed. O

We now apply Proposition to calculate the expectation of X i, for 7 = O(1).

Suppose first that & > j + 1. There are (kil) (kjl) =1+ 0(1))% ways
to choose a pair (K,C) that might form a copy of M, ;. The (k + 1)-set K forms
a k-simplex in G, with probability ps (recall that pr < 1 by Remark . By
Proposition applied with J = F(K,C) being the set of petals and with S =
{K}, the probability that holds is (1 + o(1))g "*=7+1). Therefore,

k+1

E(Xjk) = (1+0(1))- Dk !qT(’“*j“). (4.12)

gk —j+1)

The case k = j is very similar, but for a pair (K, C) that forms a copy of M; ; we
only require that the set K is an isolated (j+1)-simplex, since the centre C' is uniquely
defined (see Definition [4.4.5). On the other hand, we need to be careful if p; > 1, since
then p; must be replaced by 1 in any probability calculations. We have

n/+l min{pja 1} ~T

B(X,) = (1+0(1) "

(4.13)

In next lemma we use (4.12)) and (4.13)) to obtain an explicit asymptotic expression
for log (E(Xj 1)), that we will need in Section Recall that given a vector p, the
parameters i, py, and vy are as defined in Definition

Lemma 4.4.13. Let 7 = O(1) and let p = (p1,...,p4) = 7D for a j-admissible
direction p. Then the number X of copies of M in G, satisfies

log (E(Xx)) = Axlogn + pk + vk + o(1)
for all j < k < d with py # 0.

The proof of Lemmaconsists of (standard, but involved) technical calculations
and therefore is deferred to Section E1T.3l

Recall that in our main Theorems |4.1.4f and we consider a j-critical direction
p which in particular is a j-admissible direction (cf. Definitions and . Thus
Proposition [£:4.12) and Lemma are applicable. By Lemma [{.4.13] heuristically
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the critical range for the disappearance of copies of Mj; is when Aplogn + up =
O(1), that is, Ay = 0 and p = O(1). This justifies the conditions and [(C2)| in
Definition which together with Lemma yield that for p = P,

E(X;z) =1+0(1) and E(X;x) <1+ o(1) for all other indices k. (4.14)

In other words, heuristically p is in a critical range for the disappearance of copies of
M; i, while for all other k, p is either in or already beyond the critical range for the
disappearance of copies of M} ;. We will see later (Corollary ) that in this range
whp all copies (K, C') of M, can be extended to copies (K, C,w a) of M; . Thus, p

is also in the critical range for the disappearance of minimal obstructions.

Recall that in Theorem [£.1.4] we consider

77 :=sup{7 € R>¢ | G, contains a copy of M for some k with j <k < d}.

In other words, 77 is the scaled birth time of a simplex whose appearance causes the

last minimal obstruction to disappear. We denote the dimension of this obstruction
by £ (i.e. let £ be the index such that this obstruction is a copy of M;,). For future
reference, we collect the definitions of the special indices k, kg, ¢ which we have fixed
so far.

Definition 4.4.14. Let k, ko, £ be integers such that
(i) j <k <dand A\glogn + fig + 75 = 0 (see [[C2));
(i) j+1<ko<dand ag, #0 (see|(Ad));

(iii) at time 77, a (last) copy of M; ¢ vanishes.

4.5 Finding minimal obstructions

To prove Lemma the strategy is to show that whp a copy of Mj,k (for some
j <k <d) exists in G, for every 7 € I;(¢) = [¢/n, 7). Thus, in this section we study
the behaviour of the minimal obstructions M. i k-

We start by showing that at the beginning of the interval I;(¢) we will already have
a growing number of copies of Mj ,, where kg is as in Deﬁm‘mon mn

Lemma 4.5.1. Let ¢ > 0 be constant. If 7 = £, then whp G, = G(n,7P) contains
O((logn)?*+2) copies of My, whose associated copies of Mk, are all distinct.

The proof of Lemma is a standard but slightly technical application of the
second moment method, and is therefore postponed to Section

In Lemmawe shall show that in a range closer to criticality (i.e. for 7 closer to
1) j-shells are very likely to exist. In order to formulate the statement, we first define
the operation of ‘adding a simplex’.

117



Definition 4.5.2. Given a complex G on vertex set V and a non-empty set B C V', we
define G+ B to be the complex obtained by adding the set B and its downward-closure
to G, i.e.

G+DB:=gu{2”\ {0}}.

Observe that if B is already a simplex of G, then G + B = G.

Lemma 4.5.3. For every € > 0 there exists a constant ( > 0 such that if T > @,

then whyp for every (j+1)-set B, the complex G, + B contains at least {n many j-shells
that contain B.

Proof. Let Li,Lo,...,Lj;1 be the j-sets contained in B. We are interested in the
vertices a € [n]\ B such that BU{a} forms a j-shell in G, + B, i.e. such that L; U {a}
is a j-simplex in G, for every i € [j + 1]. We only consider a certain type of such
j-shells, obtaining a lower bound on their total number.

Let A, D C [n] be disjoint sets, both of size [n/3] and such that ANB = DNB = 0.
Recall (Definition that kg is an index with j+1 < kg < d such that a;, = 0.
We consider (potential) j-shells B U {a} formed in the following way:

e the (apex) vertex a is in A;

e for each i € [j + 1] there exists a set R; C D, with |R;| = ko — j, such that
L; U {a} forms a j-simplex in G, (and thus also in G, + B) as a subset of the
ko-simplex R} := L; U {a} U R; with scaled birth time at most 7 (i.e. with birth
time at most pr, = TP, )-

Since a different choice of of the triple (L;, a, R;) never gives the same simplex R}, we
have independence in the following calculations.
For fixed L; and a, the probability that no such R; exists is

(1= py)(k0-3) < exp (‘ (pkozw—??;:—j)))

Q. E g, E
< (1+o()exp (— 25 ) < exp (- F). (4.15)

where we used that bywe have 34, = o(logn) since 7y, = 0.
For any a € A, let E, be the event that BU{a} is a j-shell in G, + B. Using (4.15)),
we obtain

(07783 Jtl .
Pr(E,) > (1 — exp ( ko )) =:A>0.

Since the events E, are independent, it holds that the number of such j-shells
dominates Bi([n/3], A). By Chernoff’s bound, we have

Pr (Bi((n/3], A) < Cn) < exp (—W) = exp (_6% (A= 3()2) .
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Choosing 0 < ¢ < A/3 and by taking a union bound over all possible choices for
the set B, we obtain that the probability that there are less than {(n many j-shells
containing B is bounded above by

(j " 1) exp (2 (A =30°) = o(1),

as required. O

As an immediate corollary, we obtain that in this range, whp every copy of M;
can be extended to a copy of Mj ;, allowing us to consider just copies of Mj; as
obstructions to j-cohom-connectedness.

Corollary 4.5.4. Let € > 0 be constant. If T > @, then whp for every copy (K, C)
of Mj in G; (for any j < k < d), there exist w € K\ C and a € [n] \ K such that
(K,C,w,a) is a copy ofMj,k mn Gr.

We now show that for 7 slightly less than 1, whp we have many copies of M; .

Lemma 4.5.5. Let wg = wo(n) = o(logn) be a function that tends to infinity and let

T= (1 — %0> Then there exists a constant ¢ > 0 such that for any critical dimension

clogn
wo

k > j, whp there are at least exp( ) many copies of Mjj in G..

The proof is similar to the proof of Lemma although the second moment
calculation is significantly simpler without the j-shell of Mj7k, and can be found in
Section LLIT.H

The following proposition describes more precisely the parameters in Definition |4.2.4
for p = 7p and 7 ‘close’ to 1, in terms of the analogous parameters defined in

and (4.3]) for p.
Proposition 4.5.6. Let 7 =1+ & with £ = £(n) = o(1) and let p = 7p. Then for all
j<k<d,
ap=ag,  Br=(1+E) B+ axlogn, Ve = Vs
_ d
A = A — i — (1L + o)) (k—j+1 5; logn, - 7.
k=X,  pe=fk— (1+0Q)(k—7j+ )«fzizjﬂa ogn vk = Uk

The easy but technical proof of Proposition appears in Section [4.11.6)
We derive the following corollaries, that we will use to prove Lemma and

Lemma respectively.
Corollary 4.5.7. Let T = (1 - w%,) with wg = wo(n) = o(logn) and let p = 7p. Then
forall j <k <d,

Vi, 1
E(X; ) > exp (W) _

Swo
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Corollary 4.5.8. Let c € R be a constant and suppose (c,)n>1 5 @ sequence of real

numbers such that ¢, ~——=5 ¢. Let T = (1 + kfé’n) and p = 7p. Then for any k with
j<k<d,

(I4+o(1)exp(fix + vk +c(x —7 — 1)) if k is a critical dimension,
E(Xjr) =

o(1) otherwise.

We delay the proofs of Corollaries [1.5.7] and [£.5.8] until Sections [£.11.7] and [£.11.8]

respectively.

4.6 Determining the hitting time: proof of Lemma [4.3.1]

In this section we consider the hitting time 7 for the disappearance of the last minimal
obstruction, i.e.

77 :=sup{7 € R>¢ | G, contains a copy of MLk for some k with j < k < d},

as defined in Theorem [f.1.4] We will show that whp this happens at around the
claimed threshold 7 =1 (Lemma [4.3.1]).

Consider the time
, loglogn

T 10dlogn’
and let 7" be the first scaled birth time larger than 7’ such that there are no copies of
M; ) in Gr». Lemmas and tell us that whp G,/ contains a growing number
of copies of M; j, thus by definition of 7} we have 7"/ < 77. The following main result
says that they are in fact equal whp, and indeed whp both are close to 1.

Lemma 4.6.1. Whp 7/ = 7. Furthermore, suppose w is a function of n that tends
to infinity as n — oo. Then, whp

Observe that Lemma [£:3.1] is an immediate corollary of Lemma [£.6.1] To prove
Lemma [£.6.1] we will need some further concepts and some auxiliary results.

Definition 4.6.2. Given k > j and a (k+1)-set K, a (j+1)-set J C K is K -localised
if every simplex o with J C o is such that o C K.

Note that we do not demand that J is a j-simplex—if it is not, then it is trivially
K-localised for any K O J since there is no simplex o D J.

Definition 4.6.3. Given an integer k with j < k < d, a k-simplex K is called a local
j-obstacle if it contains at least £ — 7 + 1 many j-simplices that are K-localised.

In particular a j-simplex is a local j-obstacle if and only if it is isolated. More
generally, any copy of M;; for j < k < d is certainly a local j-obstacle, although a
local j-obstacle is not necessarily an obstruction to j-cohom-connectedness.
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Lemma 4.6.4. Whyp, for all 7 > 7/, every local j-obstacle in G, also exists in G .

Proof. We will prove the statement for local obstacles of size k+ 1, for some j < k < d.
The lemma then follows by applying a union bound over all k.

We first note that by Remark pr < 1if k> j+ 1. On the other hand, if
k=jand p; > % =1+ o(1), every j-simplex is present in G, deterministically, and
therefore the statement of the lemma trivially holds.

Thus in the following we may assume that

1 log 1
either k>j+1 or k:jandpj<—<1+w.
7! 9dlogn

(4.16)
Although in the second case we indeed have p; < %, we would incur some technical
difficulties if the probability p; is very ‘close’ to % Hence, in the following calculations
we need to replace 7’ by a slightly smaller value. More precisely, we consider

B loglogn

— 4.1
5dlogn (4.17)

T i=1

We will show that whp for any 7 > 77, a local j-obstacle in G, also exists in G, -, thus
obtaining the statement for any 7 > 7" > 7~ as well. In particular, observe that

T pp <1 for every k > j,

by Remark and (4.16)).

Fix k > j, let K be a (k + 1)-set, and recall that 7 € [0,1] denotes its scaled
birth time, i.e. if tx is the birth time of K as a k-simplex in G,, then 7 = tx/Dx
(see ) In order to become a local j-obstacle in G, for some 7 > 77, K must
contain a collection J of k — j+ 1 many (j+ 1)-sets such that the following conditions
are satisfied:

(L1) 76 > 77
(L2) every J € J is K-localised in G,-;

(L3) K is born as a k-simplex before any other simplex I that contains some J € J,
but which is not contained in K, i.e. 7 < 77 for all such I.

Fix the (k + 1)-set K and the collection J in K. For this choice of K and J,
we denote by Li, Lo, and L3 the events that conditions [[LT)] [[T.2), and [(T.3)] hold,
respectively.

By definition of our model, we have that

Pr(Ly) = (1 — 7 p). (4.18)

In order to compute Pr(Ly | Ly), first observe that Lo is independent of L;. By
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Proposition 4.4.12| applied with p = 7~ p, we have

Pr(Ly | L) Pr(Lz)

(1+o(1)g™ +=3+)

). [ET) ( o(1) - E(X0) ) (Pr<1+0(1) <@<1> -E(Xj,w)T

- nk+1 min{py, 1} nk+t1py

(4.19)

where X 1, denotes the number of copies of M, ;. in G; = G(n,p) (i.e. 7 = 1), and thus
E(X;x) <1+o0(1) (see (4.14)).

We now want to bound Pr (Lg | (L1 A Lz)). For any ¢ such that j +1 < i < d
and for any J € J, there are (”Zf;l) many (i + 1)-sets which contain J and whose
remaining vertices are outside K. In order for L3 to hold, all these (i + 1)-sets (among
others) must be born as simplices after K and observe that all of these (i + 1)-sets are

distinct for different choices of J. It will be convenient to pick i = kg, recalling from
Definition |4.4.14 that kg > j + 1 is such that &y, # 0 and 7%, = 0. Thus we have

a family Z of
. n—k—1 log n)
z:=|2Z|=(k-j5+1 =0 = 4.20
2= =i+ (" ) = (2 (1.20)
many bad (ko+1)-sets whose scaled birth times are uniformly distributed in the interval

[T ,i] (since the corresponding simplices are not present in G, by Ls), but must

all be larger than 7, in order for L3 to hold. Similarly, conditioned on L1, the scaled

birth time 7k is uniformly distributed in [7~, ﬁik] This allows us to prove the following.
Claim 4.6.5. Let L} be the event that K is born as a k-simplex before any of the bad
(ko + 1)-sets in Z. Then

P () = 1+ o) s o (B ).

We will delay the proof of Claim until after the proof of Lemma which
we now complete. Note that Lz C L%, thus Claim in particular implies that

Pr (Lg | (Ll A\ LQ)) < PT( g | (Ll AN LQ)) =0 ((ITPII;k)lOgn) . (4.21)

Putting (4.18)), (4.19), and (4.21)) together we have
PI‘(L1 A L2 A Lg) = PI‘(Ll) PI‘(LQ | Ll) Pr (L3 | (Ll A Lg))

— — T D E(Xj1k) " ﬁk
=0 ((1 Pk) (nk+1pk ) (1 —7"pr) logn> '
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Recalling that E(X;x) <1+ o(1) by (4.14), we thus deduce that

—1—7
_ Di
PI’(Ll AN L2 A Lg) =0 <n7_ (k1) logn) . (422)

There are ©(nk*1) choices for the (k + 1)-set K and, once K is fixed, there are
O(1) choices for the collection J of k — j + 1 many (j + 1)-sets in K. Since p is a

j-admissible direction (cf. Definition 4.2.1)) we know that pr = O (:;gn> hence the
expected numbers of pairs (K, J) satistying [(L1)} [(L2)} and |(L3)|is

1—7—

k+1

O™ Y Pr(Ly A Ls A Ly) B2 0 (1:;)
n

oz

(logn)™

(e ((i*: (10(1))>loglogn)>
oY) 2o

Therefore by Markov’s inequality, with high probability there are no such pairs (K, J),
as required. O

lD 0

We now also prove the auxiliary claim.

Proof of Claim[].6.5. We split the proof into two cases, according to which of pj and
Pk, is larger. In both cases, we will use the fact that, since ko > j+1, by Remark [£.2.7]
we have = = w(1), and thus

0

1 1

—_— -7 = 1+01 _—. 4.23
e ( ( >)pk0 (4.23)
Case 1: ﬁi > ﬁ . Let S be the event that 7 < =L-. Note that Lj C S, hence
0
Pr (Lé | (Ll N LQ)) = Pr (S I (L]_ A LQ)) Pr (Lg I (L]_ A LQ A S)) (424)

Recall that conditioned on Ly, the birth time 7 is uniformly distributed in [77, ;5%]
Therefore, since S is independent of Lo, we have

l/ﬁko - T z23) ) ﬁik
Upe—r= Gy 4

Moreover, conditioned on S, the set K has the same birth time distribution as the z
many bad (ko + 1)-sets in Z and all these birth times are independent, thus

Pr (S | (L1 A Lz)) = Pr(S | Ly) =

Pr (L} | (Iy ALy A S)) = % (1+ 0(1))%. (4.26)
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Putting , (4.25), and (4.26)) together, we have

Pr (L4 | (I A L) = (14 o(1)) s

as claimed.

Case 2: - < 5—. First observe that if k = j, by (|4 we have p; < 1+ 15511§g: while

ifk>j + 1, then Pr < 1 by Remark [4.2.2] Thus by the definition of 7~ (see (4.17)),
for any k > j we have

175 > Bﬂ%. (4.27)

Let Z5, be the set of bad (ko + 1)-sets in Z with birth times in the interval [7~, Z)k]

and let Ck = |2Z5,]- Since the birth times of the sets in Z are uniformly distributed

in [r7, 2 B ——], the random variable (; has binomial distribution Bl( ,f/f}i}%) and
observe that

E(Cr) = 2 - 11//;:1_:_ B2 (| 0(1))251’:0 (1— 7" pp). (4.28)

Since zpr, = O(logn) by (4.20) and p, < 1 + 1;511557?7 we obtain

loglogn 1/2
E = Q! ——— ) = Q| (logl .
(G0) 08 Toiory | =0 ((oglogn)!/?) = oo

By the Chernoff bound, the probability that (j is not within a multiplicative factor
1+ W of the mean is at most exp(—O(E((x)/?)).

Furthermore conditioned on the value of (i (and the events L1, Ls), the probability
of L} is 1+< , because the birth times of K and of the bad sets in Zj, all have the

same (conditional) distribution. Thus, since E((x) — oo, we have
1+o(1)
1+ (1 sy ) E(G)
1+ 0(1)
E(Ck)

e SO S
= (14 o(1) g s

Pr(Ly | (L1 A Ly)) + exp(—O(E(G)"?))

as claimed. O
We are now ready to prove the main result of this section.

Proof of Lemma[{.6.1 Observe that in particular a copy of M, (or, more precisely,
the associated k-simplex) is a local j-obstacle. Lemma shows that if a local j-
obstacle is present in G, for some 7 > 7/, then whp it already existed in G,.. Therefore,
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if 77 < 77 then a copy of M .k appears in between these two times, but the associated

copy of M, would whp already exist at time 7" and thus whp form a copy of MjJC
(Lemma [4.5.3)) at that time too. This cannot happen by definition of 7/, which gives
7" = 77 whp, as required.

To prove the second statement, observe that by Lemmas and whp we
have 77 > 1 — @, proving the lower bound.

In the proof of the upper bound it will be convenient to assume that w = o(logn)—
this assumption is permissible since the statement becomes stronger for smaller w.

Forr=1+ ﬁ)ﬂ we have that for any j + 1 < k < d the expected number of copies
of M; . satisfies

k+1.-5 d .

4.12) n TPk _ (k—j+1+0(i))(.f.>

E(X; ;) = (1+o0(1)—— " 1—7p; ol
(30 B (o) T TT -7
nk+1—

= e

d _
. 1 n _ W _
ep - Y (k—j+1+0(n>> (i_ ,)(ﬁé’ n+0(p§))
S J g

< (14 0(1)E(Xj) exp(—a,w) = o(1),

where we are using that E(X; ;) < 1+ o(1) by and that the index ko is such
that ag, # 0 and A, = 0.

Hence, by Markov’s inequality whp there are no copies of M;; and thus also no
copies of M. k- This means that whp 7" < 1+ ﬁ, and we have already shown hat
whp 77 = T, O

4.7 Subcritical case: proof of Lemma [4.3.4]

In this section we first derive some auxiliary results and combine them to prove
Lemma [4.3.4] which plays a crucial role in the proof of the subcritical case (i.e. state-

ment [(ii))) of Theorem [£.1.4]
Given a constant € > 0, in order to show that whp HY(G,; R) # 0 for every 7 €

Ij(e) = [e/n,T}), we split this range into three separate intervals,

[E T*)— < 0 U d 1-— L U 1—71 T
n’7) " |nlogn logn’"  (logn)'/3 (logn)1/3" "7

for some constant § > 0, and prove that for each of these ranges there is some k
and one copy of Mj; which exists throughout the subinterval (Lemmas 4.7.3]

and.

For the next lemma, let us recall that the index kg is such that j + 1 < ky < d and

Ok, # 0 (see Definition [I.4.14][(TD)).
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Lemma 4.7.1. For every constant € > 0, there exists a constant 6 > 0 such that whp
there is at least one copy of M i, that is present in the process (G;) = (G(n,TP))- for

all values
Te|=, —1|.
n’ logn

Remark 4.7.2. Indeed, Lemma [£.7.1] would also hold with kg replaced by any index
i with j + 1 <4 < d such that a; # 0.

Proof of Lemma[f.7.1, By Lemma there exist constants 0 < ¢; < ¢ (depending
on €) such that the number Xj x, of copies of M;y, in G= whp satisfies

c1(logn)’*2 < X4, < ca(logn) ™2,

and all these copies of Mj,ko originate from distinct copies of M;,. We will show

that whp at least one of these copies survives (i.e. remains a copy of Mj j,) until time
T= %, for a suitable constant § > 0.
For each index k with j +1 < k < d, call a (k + 1)-set dangerous if it is not a

k-simplex in G= and contains a petal of at least one copy of M y,. Since there are at

most ca(k — j + 1)(logn)7+2 petals, and each is contained in at most (",7~") < %

k—j
many (k + 1)-sets, setting ¢z = maxy %, for all k the number of dangerous
(k 4 1)-sets is at most 4 4
cs(logn)iT2nk=J,

For each dangerous (k + 1)-set, the probability that it becomes a simplex by time T =
d/(logn) is the probability that its scaled birth time is at most §/(logn) conditioned
on the event that it is at least €/n, which is

) —
<logn - %)pk < 5ﬁk < (k*j)'(dk‘#l)(g
1—%p ~ logn — nk=i '

Setting ¢4 := maxg(k — j)!(a@x + 1), the number of dangerous (k + 1)-sets that turn
into k-simplices in the time interval we are considering is dominated by
. : s 045
Bi <03(10g )+ 2nhd, nk—]) :
so by a Chernoff bound, we deduce that the number of dangerous sets of any size that
turn into simplices by time 7 = §/(logn) is whp smaller than

2(d — j)eseqd(logn) 2,

Note that each (k+1)-set can contain at most (?I}) < (‘j::_‘i) =: ¢35 petals, and therefore
each of these dangerous sets makes at most c5 copies of M; x, disappear by becoming

a simplex. If we choose § < then whp the number of copies of Mj7k0 that

C1
Z(d—j)C3C4C5 ’

disappear by time 7 = §/(logn) is at most

2(d — j)escqcs6(log n)j+2 < c1(log n)j+2 < Xj,ko'
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In other words, at least one copy of Mj7k0 that exists at the beginning of the interval
survives until the end of the interval. O

Lemma 4.7.3. For every constant 0 > 0 and every critical dimension k with j < k <
d, whp there is a copy of M, 1 that is present in the process (G,) = (G(n, ™)), for all
values

c 1) ] 1
- _
logn’~  (logn)t/3

Proof. By Lemma with wo = (logn)'/3, whp there are more than exp(y/Togn)

many copies of M;j in G, at the upper end 7 = 1 — W of the interval. Ob-

serve that only ©(1) such copies can share the same k-simplex K, thus we have
O(exp(v/logn)) many copies with distinct k-simplices. For each such copy (K, C),
the scaled birth time of K (see (4.1))) is uniformly distributed within

1 1
|:07 mln{ (log 7’1,)1/3 ) ﬁk }:| )

meaning that (K, C) formed a copy of M at time 7 = % with probability
0/(logn) > 1 0 .
. 1 1 ogn
mm{l— (logn)l/syﬁj} g
The birth times of the simplices K are independent, thus the probability that at
least one of them was present at time 7 = 102 — 1s at least
S @(exp(\/log n)) 1
1—(1— ) Zl—exp<—@ (eXp( VOg”))>=1—o(1).
logn logn

In other words, whp some copy (K,C) of M;; that exists at time 7 =1 — W

already existed at time 7 = —2—. By Corollary applied at time 7 = %, whp

logn*

there exist w € K\ C and a € [n] \ K such that (K,C,w,a) is a copy of M; in G,

and therefore throughout the interval [%

o 1-— W}, as claimed. O

Lemma 4.7.4. Whp the minimal obstruction which vanishes at time 7} (defined in

Theorem [4.1.4) was already present in (G;) = (G(n,7P))- for all values T with

1 *
TE [1 — (logn)l/?”Tj) .

Proof. Recall that by Definition the last_minimal obstruction to vanish is a
copy of M;,. Similar to the proof of Lemma this copy of M;, has a birth
time that is uniformly distributed within [0, min{7;,1/ ]_)g}) and by Lemma , whp
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<1+ W. Conditioned on this high probability event, the probability that

this copy of Mj, already existed at time 7 =1 — W is at least

1= Gogmyi7

T o),

1+ (logm)1/3
i.e. whp the corresponding copy of M, , was already present at time 7 =1 — W.
By Corollary this means that whp it was part of a copy of M j,¢ throughout the
interval. O

Proof of Lemma[f.3.4 Lemmas [.71] .73, and 7.4 imply that whp for any 7 €
[e/n,7}) a copy of Mj (for some j < k < d) exists in G;. Therefore, for any 7 in this

range H7(G,; R) # 0 by Corollary O

4.8 Critical and supercritical cases: proof of

Lemma 4.3.7

In this section we present some auxiliary results and prove Lemma [£.3.7, which we
have used to show that whp the process (G.) = (G(n,7DP)), is j-cohom-connected
for all 7 > 77 (Theorem {.1.4)[(iii)). Furthermore, the results of this section will be
fundamental for the proof of Theorem (Section [£.9).

Recall that in order to have H7(G,; R) not vanishing, G, would have to admit
a bad function, i.e. a j-cocycle that is not a j-coboundary. We aim to show that
no bad function exists by considering what such a function with smallest possible
support might look like, if it exists. We show that the support must be traversable
(Definition Lemma , and then use this property to show that whp the
support cannot be small (Lemma . Subsequently, we use traversability and a
result of Meshulam and Wallach [53] to show that whp the support cannot be large
(Lemma [4.8.7)), which is a contradiction.

However, so far this only proves that for any 7 > 77 whp H 7(Gr; R) = 0. We need
to know that whp for any 7 > 77 the group H 9(G,; R) vanishes (i.e. with a different
order of quantifiers). We achieve this by observing that at time 77 the j-th cohomology
group is zero, and proving that whp no new bad functions can appear (Lemma.

Slightly more generally than described above, we will actually prove that for 7 large
enough, but slightly smaller than 77, the only bad functions that exist are the result
of copies of Mj ;. existing.

Definition 4.8.1. Let (K,C) be a copy of M;; in a d-complex G. We say that a
j-cochain f € C7(G) arises from (K, C) if its support S = supp(f) is such that

S = F(K,C).

We say that a j-cocycle f (i.e. f € ker(67) C C9(G)) is generated by copies of Mjy, if
it belongs to the same cohomology class as some f; + fo + ...+ fin, where each f; is a
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j-cocycle that arises from a copy of M .. We denote by Ng the set of j-cocycles in G
that are not generated by copies of M, ;. If G = G, = G(n,7Pp), we will ease notation
by defining N, := Ng._.

The goal is to prove that whp for all 7 > 7 we have N, = (. Since in this range

there are no copies of M .k and by Corollarywhp also no copies of M j;, this will
imply that whp H7(G,; R) = 0. To this end, we need the following notation.

Definition 4.8.2. For every 7, we denote by f, a function in A, with smallest support
S, if such a function exists.

In order to bound the number of possible such supports S;, we will first show
(Lemma [4.8.4) that S, must satisfy the following concept of traversability.

Definition 4.8.3. Let (S,#) be a pair where S is a collection of j-simplices in G,
and H is a collection of simplices in G, of dimensions j +1,...,d.

We say that S is H-traversable if it cannot be partitioned into two non-empty
subsets such that every simplex of H contains elements of S in at most one of the two
subsets. Equivalently, S is H-traversable if for every J,J' € S there exists a sequence
J=Jo,J1,...,Jm = J" of j-simplices in S and a sequence K, ..., K,, of simplices
in H (not necessarily all of the same dimension) such that (J;_1 U J;) C K; for all
i€ [m)].

We say that S is traversable in G, if it is H-traversable with H consisting of all
k-simplices of G, for every j+1 <k < d.

Lemma 4.8.4. For every T, the support Sy, if it exists, is traversable.

Proof. Suppose S is not traversable and let S, = Sy US(Q) be a partition into non-
empty parts such that each (j + 1)-simplex of G, contains elements of S; in at most
one of the two parts.

For i = 1,2, let f(;) be the j-cochain defined by

fT (U) ifoe Sz )
fi(o) = -
Ogr otherwise.

Suppose that p is a (j+1)-simplex that contains j-simplices from only one S(;), without
loss of generality S(;) and not Sy. Then trivially (67 f(2))(p) = 0 and (67 f(1))(p) =
(67 f7)(p) = 0, because f; € ker 8. Thus both functions f(;) are j-cocycles, and neither
of them lies in > by the minimality of S-. Hence f; = f1)+ f(2) is generated by copies
of M j,, since this property is closed under summation, a contradiction to f, € ;. O

It is clear that given a traversable S in G,, there exists a minimal collection H of
simplices of G, such that S is H-traversable and every o € H has scaled birth time at
most 7. We fix some such minimal collection and denote it by 7(S). From this, we
define the sequence t(S) = (t;41,...,tq) where ¢ > 0 is the number of k-simplices in
T(S), forevery j+1 <k <d.

In the next lemma we show that at around 7 = 1, while we may have copies of M; j,
whp there are no ‘small’ traversable supports of j-cocycles other than those arising
from these M; k.
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Lemma 4.8.5. Let 7 =1+ 0(1) and let h € RT be a constant. Then whp there is no
j-cocycle in G, with traversable support of size s < h, apart from those arising from
copies of M ..

In particular, whp |S;| > h, if it exists.

Proof. We want to bound the expected number of pairs (S,7(S)), where S is a
traversable support of a j-cocycle not arising from a copy of M;  and with size s < h.

Let v be the number of vertices that are contained in some j-simplex of S and recall
that t(S) = (tj41,...,tq) is such that t; > 0 indicates the number of k-simplices in

T(S). Clearly, we have
d

Do S5, (4.29)
and .
v (J+1)+ Zk:j+1(k — Itk (4.30)

Since S is the support of a j-cocycle, by Lemma if a k-simplex contains an
element in S then all its k + 1 vertices are contained in some j-simplex of §. This
means that the s(z:;’) many (k4 1)-sets containing a j-simplex in S and k — j vertices
not in any j-simplex of & are not allowed to be simplices. We thus obtain that the
probability that a fixed pair (S,7(S)) has all the necessary properties (in terms of
which simplices exist and which do not) is bounded from above by

d - d k—J
te(1 s ”_;’ _ te(q1 sty (140(1))
II}c:jJrlpkk(l pi)* (=) _IIk:jJrlpkk(l Pr) 7

=TI, (G +o()m) ™ e (‘“ +ol)p (s(knk—_;w»

d

=0 <ij+1 (nf(k—j+%)+o(1)>t" exp ((1 +o(1))s <o_zk logn + nikk >)>

=0 (Tl_ Zi:j+1 ((k—j+"/k)tk+sak)+o(1)>

)

where we used the observation that ) can only be negative if aj, # 0, in which case
Br = o(logn) and 7y, =0 (See.

Let t = (tj41,...,tq) and denote by E; , ¢ the event that a pair (S,7(S)) with S a
traversable support of size s on v vertices and t(S) = t exists. There are O(n") ways
of choosing such a pair, therefore we obtain

Pr(Esy) = O (nv—zku«—m—zk(aktwsamo(n) ,

By (4.30), we have

d
- — Dt <+ L
v pejpr Bt <41

Moreover, for an index 4 such that ¢; > 1 (such an index exists, because otherwise the
support would be empty), by Lemma [4.4.10] and since the considered j-cocycle does
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not arise from a copy of M; , it holds that s > ¢ — j + 2. Recalling that

_ d (CDH(C2)
AZ-=j+1—%—<z‘—j+1)zk:j+lak < 0

and that ZZ:].H ay > 0, we have

‘ 5 ) =t (i—jr2) S e =j+1-A ’ o, > j+1
Zk:ﬁ_l(%@tk‘f’sak)_’Yi+(l_3+ )Zk:j+1ak—]+ - i+zk:j+1ak>]+ .
Thus,

Pr(Es ) = o(1).

Since by (4.29) and (4.30) there are only constantly many choices for the values s, v,
and t, the probability that any such pair (S, T(S)) exists is o(1). O

For supports of larger sizes, we will need a lower bound on the number of (j + 2)-
sets that are not allowed to be (j + 1)-simplices in G.. Such a bound is given by
Meshulam and Wallach [53 Proposition 3.1], where it was stated for the case when
the cohomology groups considered are over any finite abelian group R. We observe
however, that the proof still works without the additional condition that R is finite
and we include this proof in Section for completeness.

Proposition 4.8.6 (|53 Proposition 3.1]). Let n > j+2 and let A be the downward-
closure of the (n—1)-simplex on [n]. Let f be a j-cochain with support S such that any
other j-cochain of the form f+ g, where g is a j-coboundary, has support of size larger
than or equal to |S|. Denote by b(f) the size of the support of 8 f, i.e. the number of
(j + 1)-simplices such that for some ordering |vy,...,v;] (and thus for all orderings)

it holds that >1_ (1) f[vo, ..., 0s,...,v;] # Or. Then

b(f) =

n
- S|.
J+ 2| |
The following lemma shows that whp in the supercrtical case a smallest support in
N, cannot be ‘large’.

Lemma 4.8.7. There exists a positive constant h € R such that whp for all 7 >
To:=1-— W we have |S-| < h (if S; exists).

Proof. We first note that if 7 is large enough that there exists a k € {j +1,...,d}
with pp = 7pr > 1, then the result is trivial: all k-simplices are present and there is
no bad function, so S, does not exist. We will therefore assume for the remainder of
the proof that 7 < mingecg;ji1,... 4} 1/Pr, and in particular each py <1 for k > j + 1.
By Lemma [£.8:4] if S, exists it is traversable, therefore it can be discovered by the
following breadth-first search process. Start from any j-simplex in S; and query all
(k + 1)-sets containing it, for every k € {j +1,...,d}. Any of these sets which forms
a k-simplex in 7(S;) must contain at least one other j-simplex of S, because of
the minimality of 7(S;). From all j-simplices in S, found in this way, we continue
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the process according to some pre-determined order of j-simplices, by only querying
those (k + 1)-sets which contain some previously undiscovered j-simplex in S;. The
traversability of S; yields that all j-simplices of S, (and also all simplices of T(S;))
are discovered in this process.

Consider a pair (S, T(S)) where § is a traversable support of size s, and thus can
be found via the described search process. For such a pair, we define the exploration
matric B = (b; ;) for i € [s] and k € {j +1,...,d}, where b, ; > 0 is the number
of k-simplices of T(S) we discover from the i-th j-simplex of S in the search process.
Consider the j-simplex in step ¢ of the exploration: from this we can query at most
(krjj) many (k + 1)-sets and from each of the b; j discovered k-simplices we find at

most (’;ﬂ) -1< (’jﬁ) undiscovered j-simplices of S. This holds for every k €

{j+1,...,d}, thus this can happen in at most HZ:jH ((Zié))Q(fﬂ)bk different ways.
Hence, considering the choices for the initial j-simplex, the number of pairs (S, 7 (S))
with § traversable and with exploration matrix B is bounded from above by

n ’;*i )tk
( ; ) 11 ((kﬁj)>2('511)bi,k < nj+1Hk ((’H)2( )
g+ 1) e\ b, - [T x bis! ’
using that Y7, bix = tg, foreach k € {j +1,...,d}.

In order to obtain a lower bound on the number of (j + 2)-sets that are not allowed
to be (j 4+ 1)-simplices, we aim to apply Proposition for which we need to know
that G, has full (j — 1)-skeleton.

The expected number of j-sets that do not form a (j — 1)-simplex in G, is bounded
from above by

(7;) (1 p)i ) < (?) (1 = oy (o 741)

< (14 o(1))n? exp (—TQTL .

— 1 )
ko logn + Bro ) _ o(1),
ko—j+1
thus by Markov’s inequality whp G, has a complete (j — 1)-dimensional skeleton. This
means that, with A as in Proposition whp C771(A) = C7~1(G,), implying that
for every coboundary g € C7~1(A) the j-cochain f, + g lies in the same cohomology
class of G, as f,. Since S, is minimal, we have that whp the hypotheses of Proposi-
tion are satisfied.

Conditioning on this high probability event and since f; is a j-cocycle, Proposi-
tion tells us that at least ijZ many (j + 2)-sets are not allowed to be part of
k-simplices of G, for every k € {j +1,...,d}. Each of these (j + 2)-sets is contained
in (Z:;:f) many (k + 1)-sets, each of which contains (1;_‘::;) many (j + 2)-sets. Thus
we have at least

n—j—2)
it S psnkd
~ K1y = losn
(G +2) (jiz)
many (k4 1)-sets that cannot be chosen as k-simplices in G, for some positive constant
ho and for every k = j+1,...,d. Given a pair (S,7(S)) with t(S) = (¢j41,...,ta),

sn(
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recalling that s > ZZ:]._H tr =: Yy by (4.29)), the probability that such a pair exists is
at most

d

te(q1 hon®=7s Y d tr (1 _ = \Yhon"TIY, _.
I, p=per s <A I pl (U= mp)™m 7 =2a(r).

k=j+1

Differentiating the positive function z(7) with respect to 7 we have

der  z(1)Yi nk=igp,
—=———11—7h .
dr T o Zk‘ 1 — 7Pk

Recalling that the index ko is such that ax, # 0 and 75, = 0, we have

dac z(T)Yy 1— 7h a, log ni—i— Bo <0
dT T 1 — 7Pk,

for 7 = w(1/logn). Thus, since the derivative of z(7) is negative throughout the whole
range 7 > 79 = 1 — o(1), we have z(7) < z(79) for all 7 > 79, and therefore in the
following calculations we may substitute 7y for 7.

For a pair (S,7(S)) with given exploration matrix B, let rp denote the probability
that such a pair exists and that the simplices in 7(S) do not contain a (j + 1)-simplex
o such that (87 f;)(0) # Or. Then rp satisfies

te -
B H b; k' < nitl 1_[]’C i ((k - )Q(jil)Topk) (1 — Toﬁk)hon v
n]_HH ( ozklogn—i—,é’k)
Yk
o (1 oty () )

nk
< ndtl (O(log n))Yt n7(1+o(1))hoak0(k7j)!Yt

j+1, —h1Y:
Sn] n 1 t7

& —)! ~ 2(j+1 k+1 .
where hy := %M Now suppose that s > h > %’w Since Yy >
w1, we can find another positive constant ho such that
2k (7+1)
nfhgs
rp <
Hz kY1, k
Given an exploration matrix B = (b; ), define u(B) = (uj41,uj+2,...,uq), Where
= [{i : by, > nh2/d=itDY
Conversely, given u = (uj41,...,uq) with ug > 0, let B, be the set of all matrices

B such that u(B) = u. Observe that each B € By is an s x (d — j) matrix. There
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are [, (usk) choices for which entries are large (i.e. which contribute to uy), at most

nh2/(d=i+1) possibilities for each of the small entries and, since the sum of all the
entries is ), tx < s, at most s possibilities for each of the large entries. Thus we
obtain the (rather crude) upper bound

(L)) oy = e

s(d—=3)=>2 uk

|Bul

IN

< $25huk (nhz/wfm))
Moreover, for B € By,
) u __hy
JIIREE ((nd—%)')& o T S
ikon T =

Putting everything together, the probability rs that S, of fixed size s > h exists
(together with the simplices collection 7(S;)) satisfies

7h25

’”S<Z ZBEB TB_Z |Bu|szblk
2 YR 2 s(d—g)
e

nd—i+1 S n”d ’+2

< (s+1)7 1 pmaES < phes,

for some positive constant hs. R
Thus, the probability that S, exists with |S.| > h is at most

n—hsh -
E 5 7"5 < E 5 n—hgs < P < n—hgh/Q.
s>h - s>h -1 n*hB -

Provided h > 2(‘2“), and taking a union bound over the O(n¢*1) birth times of
simplices in the considered probability range, the probability that S, exists and has
size at least h for any 7 is O(nd+1="37/2) which tends to zero for our choice of h. [

Lemma [4:83.7] implies that whp traversable supports of j-cocycles of ‘large’ size do
not exist in the whole supercritical range. For supports of constant size, this is given
by Lemmaonly for 7 = 1+0(1). We therefore derive the following result, stating
that for 7 ‘close’ to 1 whp every j-cocycle is generated by copies of Mj j.

Corollary 4.8.8. For everyt =1+ 0 (logn>, we have N, = () whp.
Proof. For every such 7 Lemma - holds and thus there exists a constant A such

that either S, does not exist or |S;| < k. But by Lemma (with h = h), whp if
S, exists then |S;| > h. Thus whp S, does not exist, i.e. J\/ = (Z). O
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To exclude the existence of ‘small’ supports throughout the entire supercritical case,
we show that if a new obstruction appears, then the simplex whose addition to the
complex creates the obstruction in fact forms a local j-obstacle, which whp in this
range does not exist by Lemma [£.6.4]

Lemma 4.8.9. Let K be the simplex with smallest scaled birth time T > T; such
that N, # O (if it exists). Then whp K forms a local j-obstacle in G, .

Proof. First observe that by Lemma and Corollary whp ./\/Tj* = (), and thus
whp 75 > 77. For the rest of this prool, we condition on this high probability event.
Suppose now | K| = k+1 and let 7 > 77 be such that G, =G, + K. If S, NG # 0,
let S be a maximal subset of S;,. which is traversable in G, and let f be the j-cochain
in G, defined by
flo) = {fTK(a) if o eS;

Or otherwise.

Then f is a j-cocycle in G, because every i-simplex of G, for i = j+1, ..., d, containing
some element of S cannot contain other j-simplices in S;, \ § by the maximality of S,

and because f.,. is a j-cocycle.

Moreover, by Lemma there exists a positive constant h such that whp |S] <
|Srp| < h. Lemma implies that whp each j-simplex of S lies in a linear number
of j-shells in G, and at most |S| — 1 many of them can contain other elements of S.
This means that whp there are j-shells in G, that meet S in a single j-simplex, and
thus f is a bad function in G,. Since f cannot be generated by copies of M; 1, because
7 > 77 and thus no copies of M exist, this yields N, # 0, a contradiction to the
choice of K.

Hence, whp the j-simplices of S, are all contained in K and are not in other simplices
of G,,.. Then whp K forms a local j-obstacle in G, , because |S;.| >k —j+ 1 by
Lemma O

Corollary 4.8.10. Whp for all T > 7} we have N = 0.

Proof. By Lemma @ and Corollary @ whp NT;« is empty. If there is 7 > 7

such that N, # 0, then Lemma tells us that the simplex whose birth creates a
Jj-cocycle that is not generated by copies of M; , would create a local j-obstacle. But

by Lemma whp 7 > 7 > 7' =1— i%ilﬁlggﬁa thus by Lemma whp no new
local j-obstacle can appear in G.. O]

We can now use Corollary to prove Lemma [£.3.7]

Proof of Lemma[-371 By the definition of 77, there are no copies of Mj in G, for
any 7 > 77, so in order for the j-th cohomology group not to vanish, N would have
to be non-empty, but this is excluded by Corollary [£.8:10} O
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4.9 Rank in the critical window: proof of Theorem [4.1.5|

In order to prove the Rank Theorem (Theorem , we first want to describe the
asymptotic joint distribution of the number of copies of M ;, within the critical window.
To this end, we will make use of Lemmal[£.9.1], for which we need the following notation.
Given a sequence of random variables (X,,),>1 we denote by L£(X;) the probability
distribution of X; and by £ ((X,,)n>1) the joint probability distribution of the sequence
(Xn)n21-

Lemma 4.9.1. Let ¢ € R be a constant and (cn)n>1 be a sequence of real numbers
n—oo

such that ¢, —— c. For any j < k < d define

P exp(fix + Uk +c(ye — 73— 1)) if k is a critical dimension,
e 0 otherwise

and let T =1+ 2. Then, setting X := (X j, Xj j11,..., Xja), we have

log
L(X) L (Po(E), ..., Po(&y)),
where Po(0) = 0.

To prove Lemma we use a multivariate Poisson approximation technique from
[6], which will be presented in Section[4.11.10} The proof of Lemma then appears
in Section EIT.1Tl

Proof of Theorem[{.1.5 Consider X = Zzzj X and define

& = exp(—c(j +1)) Zkec exp(fix + Uk + k),

where C = C(P, j) is the set of the critical dimensions for the j-critical direction p (see

Definition 4.2.6)). By Lemma we have

d
L(x) — 3" Po(&) = Po (Z exp (fik + U + (i — j — 1))) =Po(£). (4.31)

k=j kec

We first show that H7(G,; R) = R* whp. Let My, Mo, ..., My denote the copies of
M; i, for every j < k < d that are present in G,. By Corollary we have A, =
whp and by Proposition we know that the only j-cocycles arising from M, are
of the form fuy, », with 7, € R. Thus whp each cohomology class contains an element
of the form Zf:l fay,r, with 7, € R, i.e. whp the set of the cohomology classes of
those elements generates H’(G,; R).

We now need to show that if we take two tuples (rq,...,7x) # (r],...,7%) with
ri,7i € R for every i, then the cohomology classes of lezl fu, r, and of Zfil I
are distinct. Note that this is equivalent to showing that if (r1,...,7x) is not the Og-
vector, then f = 256:1 s, r, is Dot in the same cohomology class as the 0g-function,
i.e. the j-cochain f is not a j-coboundary.
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We first observe that by Markov’s inequality X = 3¢ we: Xjx = o(n), because X has
bounded expectation by Corollary[4.5.8] We further clalm that for each j < k <d Whp
no two copies of M ;, share the same k-simplex. Indeed, for k = j by Definition 4.4.9
all copies of M ; come from different j-simplices. If k > j + 1, for two copies of M; ;

sharing the same k-simplex there are (kil) ways to choose the common k-simplex and

2
O ((kjl) ) ways to choose the centres of the two flowers. Moreover, these two copies

are present in G, with probability O(p,g "?**=2/+1)), because the common (k + 1)-set
is a k-simplex in G, with probability pr and the two flowers can share at most one
petal, thus in total there are at least (k—j+1)+ (k—j) = 2k —2j 41 many j-simplices
that are petals, and these satisfy with probability at most (1 + o(1))g ™(2#=2+1)
by Proposition

Therefore, for £ > j + 1, the expected number of pairs of copies of M ; with the
same k-simplex is

n E+1\2 2k 1.19) e e
O<<k+1>( j ) pa" QJH)) B2 0 (B(x; g 70) = 0(g7+),

because E(X; ;) = O(1). Furthermore, we have that

;B0 o (exp (— Z;H (a,- logn + ﬁ))) — O /?) = o(1),  (4.32)

where we are usmg that kg is such that @y, # 0 and J5, = 0 (see [(Al)| and |(A4) - in
Deﬁn1t1on . Since k > j+ 1 and 7 = 1 + o(1) we also have that g "¥=7) = o
and thus by Markov’s inequality, whp there exist no such pairs of M; .

Hence, by condition in Definition whp the fu, », have pairwise disjoint
supports, and in particular, for our choice of the r;, the support S of f is not empty.
Pick a j-simplex L € S. Lemma [£.5.3] yields that in the range of 7 we are considering
whp L is contained in ©(n) many j-shells which meet only in L, and therefore at most
|S] < Zz:j(k—j—i—l)Xj,k < (d—j+1)X = o(n) of them can contain another j-simplex
in S. Thus whp there exists a j-shell that meets the support of f only in L, i.e. f is
not a j-coboundary by Lemma

We therefore have H’(G,; R) = R whp. Since L(X) N Po(€) by (4.31)), there
exists a coupling Y ~ Po(€) such that X =Y whp. Thus, whp

H’(G,; R) = RY,

as required. O

4.10 More about parametrisation

In this section we clarify the parametrisation of p and the assumptions made for j-
admissibility and j-criticality in Definitions and Note that the arguments
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here are independent of the proof of Theorem [f.1.4}-rather, they justify why the
assumptions made in the theorem are reasonable and cover all interesting cases.

We first justify the parametrisation of p in terms of the ay, Sk, 7x. We note that
scaling P by a factor ¢ (which may be a function of n) has no effect on the evolution
of the process (G,), since G(n,ctPp) = G(n,7'p), where 7/ = cr. We therefore aim
to choose p such that the critical range for R-cohomological j-connectedness occurs
around time 7 = 1, i.e. when p = p.

First observe that the probabilities p; with ¢ € [j — 1] have no influence on the
j-th cohomology group H’(G,; R). To see this, we first note that the j-th cohomology
group depends only on the set of (j — 1)-simplices, the set of j-simplices, and the set
of (j + 1)-simplices of G,. The probabilities p; with ¢ € [j — 2] have no influence on
any of these sets, while p;_; only affects the set of isolated (j — 1)-simplices. Isolated
(j — 1)-simplices, however, have no effect on the set of j-coboundaries, and thus do not
influence H’(G,; R). Therefore, when we consider whether or not the j-th cohomology
group vanishes, we will only take the probabilities p;,...,pq into account.

4.10.1 Approximate order: Justifying p, = O (loﬁ)

nk—J
logn
nk—J
imply the assumption 75 > 0, once 7y is defined (see (4.35)).
What range of p do we expect to be critical for j-cohom-connectedness of G(n,p)?
Let us first look at a single probability pg, i.e. consider

We first explain why we may assume that pp = O

In particular, this will

p=1(0,...,0,p;,0...,0).

For R=TFs and j+ 1 < k < d, [17, Theorem 1.11] states that the critical range lies

around
(j 4+ 1)logn +loglogn

: k— .
G—jrimid *d)
It is therefore reasonable to expect the critical range for general coefficient group R
and general p = (p1,...,pq) to lie around

Pr =

aglogn + 1 . )
= PSR - ), Vi <k <d, (4.33)
n
where each oy, is a non-negative constant, at least one a4 is non-zero, and each r, =
ri(n) is a function of order o(logn).

To justify this more precisely, note that if py > C’;L,LL_%"(/{ — j)! for some constant
¢ > j+ 1, a simple first moment calculation shows that whp G, has a complete
j-skeleton, and therefore if it is j-cohom-connected, adding further k-simplices for
Jj < k < d will not change this. Furthermore, it follows from the results of [17], and
indeed also from Theorem that the complex will in fact be j-cohom-connected
whp if pg is this large, and therefore it is reasonable to scale the chosen direction p in

logn

such a way that p, = O(;725) for every j+1 <k < d.
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Thus, let us suppose that for each k with j < k < d, the limit

— k*j
_ . Prn
= 1 [ 4.34
A ((k—j)llogn) (434)

exists. Observe that if pp = o(logn/n¥=7), then &, = 0. Indeed, we next argue that
by scaling the direction p appropriately, we may also assume that at least one @y is
non-zero.

4.10.2 Existence of ky: Justifying

So far we have only guaranteed certain properties of p by scaling appropriately. We
now argue that the case when p; > 1 and @, =0 for all k =j+1,...,d can be easily
reduced to the case when p; > 1 and for some j + 1 < k < d we have & # 0, and
therefore we may assume that there exists ko > j + 1 with ay, # 0 as stated in

Indeed, suppose we have the slightly more general case that p; > 1 and p;, < Cfﬁfj
forall k =j5+1,...,d and for some sufficiently large C. In this case, a simple second
moment argument shows that there exists a constant ¢ > 0 such that for 7 = cn™7, whp
Gr = G(n,Tp) contains an isolated k-simplex for some 0 < k < j—1, which guarantees
the existence of an isolated simplex of dimension at most k for any 7 < cn™/, and
therefore (G, ) is not j-cohom-connected in the interval [0, cn=7]. Furthermore, another
second moment argument shows that if C' is large enough, whp G; = G(n, p) contains
Q(n? 4'%) isolated j-simplices. Conditioned on its presence in Gy, the probability that an
isolated j-simplex was already present in G,,,—; is at least cn™7 independently for each
such simplex, and therefore with high probability one of these was present throughout
the entire range 7 € [cn~7, 1]. In other words, either the presence of isolated k-simplices
for some k£ < j — 1 or of isolated j-simplices ensure that whp the process is certainly
not j-cohom-connected until the time when it has a complete j-skeleton. Therefore
we may increase py, for all k > j + 1 by the same factor (equivalent to decreasing p;)
until p = Cl‘:ﬁﬁj for some k without affecting which appearances of simplices cause
the process becomes j-cohom-connected. In other words, we may assume that ay, > 0
for some ko > j + 1.

4.10.3 Lower bound on p;: Justifying 7, < oo

Furthermore, we may assume that each non-zero probability py is not ‘too small’. More
precisely, we have shown the existence of an index kg with ay, # 0, which implies that
Dky = @(i‘;ﬁ%) Now if pp < n~(tko=3+1) then a simple first moment calculation
shows that whp all kp-simplices are born (and so in particular the complex is j-cohom-
connected) before any k-simplices are born. Thus we may set pr, = 0 without affecting

when the process is j-cohom-connected. Therefore we may assume that
Ay :=sup{y € R | ppn* =717 = o(1)} (4.35)

exists for every k with j < k < d and py # 0. By the existence of the limit in (4.34)),
we have 75 > 0.
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4.10.4 Fine-tuning
Finally, let 8, be the function of n for which

g logn + B :
bk = W(k*ﬁ!- (4.36)

Note that the function fj might be negative if &y # 0.

4.10.5 j-admissibility

Let us note that by our definitions of @, B, Jx for a j-admissible direction (Defini-

tion|4.2.1)), properties|(A1)H(A3)|certainly hold for j < k < d, and we have also argued

that we may assume that [(A4)| holds. Indeed, we will also assume that the parametri-
sation in (4.36) and the properties|(A1)H(A3)|are valid for 1 <k < j—1—we will need
this to show that we can rescale every pi to obtain an i-critical direction for every

i€ [j—1] (Lemma [4.3.5).

4.10.6 j-criticality

It remains only to justify the assumptions of Definition These properties can
also be guaranteed by appropriate scaling of p.

To see this, observe that scaling p by a constant C* also scales the ay by the same
factor C*, while leaving the 4% unchanged. Thus if we let p = C*p, where p is a
j-admissible direction, since ay, > 0, we have

Ak +1 =3, —O(C").

Thus by choosing C* large enough, we can ensure that A\ < —1 for all £ > j. Since
Ak logn is the main term in A, logn + fix + ¥, this would mean that |(C1)| m certainly
holds if C* is large enough. On the other hand, since 41, = vi, = 0, if C* is small
enough we have Xko > j+1— 5 0 i.e. at least one of the ), is positive. By continuity,
we may choose C* such that [(C1)|and |(C2) - )| both hold.

4.11 Proofs of auxiliary results

4.11.1 Proof of Lemma [4.3.2

Since topological connectedness is a monotone property, it is enough to prove the

statement in the case when py = ﬁ# for all k£ € [d], which will be convenient in
the proof.

Let U be the number of isolated vertices in G(n,p). Every vertex is contained in
(";1) many (k + 1)-sets, each of which does not form an i-simplex with probability

(1 — pg), all independently. Hence each vertex is isolated with probability HZ:1(1
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pk)(";l), and therefore we have

n— 1 TLk
E(U) —nHk X (1—p)("¥) > n. eXp( . (pk+0(pi)))
nk c logn
p( L :Lkg +0(1)>

(1+01) ldc,

where d := ZZ=1 1/i!. Moreover, the probability that two fixed distinct vertices are
both isolated is

T (- ()6 < exp < > n (”; 1) (2 x 1))

con( 25, 1o (1)

< (14 0(1))n =24

By choosing ¢~ such that ¢~ < 1/d (so in particular E(U) — c0), we obtain

E(U?) <EU) +n(n—1)(1+ 0(1))n—2d”c*
= B(U) + (14 o(1))n* =7 = (14 o(1)B(U,

so by Chebyshev’s inequality whp there are isolated vertices, implying that whp G(n, p)
is not topologically connected.
Consider p obtained from p by replacing all probabilities except py by zero, where

k € [d] is an index such that py > J:L#. Thenm follows from the fact that we can
choose ¢ such that G(n,p) is whp topologically connected by |17, Lemma 4.1]. [

We note that the proof idea of Lemma is a standard generalisation of the
very well-known hitting time result for graphs: whp the random graph process be-
comes connected at exactly the moment its last isolated vertex disappears. Indeed,
Theorem [£.1.4] is also a generalisation of this result, albeit a far more complex one.

The vertex-connectedness threshold for uniform random hypergraphs, which we
quoted from [17] for the proof of also follows as a special case of earlier and
much stronger results from [19] and from [57]. The proof in |17] has the advantage
that it is a simple and elementary extension of the standard graph argument.

4.11.2 Proof of Lemma [4.3.5

We prove the statement for i = j — 1; for general ¢ € [j — 1] it suffices to iterate the
procedure j — ¢ times.

Recall from Definition that the j-critical direction p = (p1,...,Pq) is in par-
ticular a j-admissible direction (Definition [£.2.1]), i.e. for every k € [d]

ay logn + By
nk—Ji+vk

Pr =
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with &y, Br = Br(n), and 4 satisfying conditions

Given a positive constant n and a function € = ¢(n) = o(1), consider the vector

_ _ n+e_
P =p(ne€ = —b.

We will show that we can choose n = 7;_1 and € = €¢;_1(n) such that p’ is a (j — 1)-
critical direction (Definition [4.2.3)).
For every k € [d], we have

n+e_ n+e'&klogn+ﬁk

—r _ — )
pk; - n Pk = n nk*j+’7k (k .7)
g logn + Bi . |
- nk_(j_l)"‘:yl/c (k - (.7 - 1))7
where
_y N 2l an + eay logn + EBk 1 -
= N = = . 437

It is easy to check that for any choices of i and €, the parameters &}, 3;, and 7, satisfy

conditions in Definition and thus p’ is a (j — 1)-admissible direction.

We now want to prove that p’ is also a (j — 1)-critical direction, i.e. that condi-

tions and in Definition both hold. Thus, we need to compute the
4.3

parameters A}, fi;., and 7}, as in (4.3)), but with j replaced by j — 1.
We have

_ d
Me o= d-W-(k-j+2))

i=j

J= A=k —ji+2)>

In
e
=

d a;
i=ji—j+1
In order for |(C1)|and to hold, we want in particular that

N, <0 for every j —1 <k <d

A _ 4.38
and A, =0 for some j —1 < k < d. ( )

Recall that the index j + 1 < ky < d was such that ax, # 0 and 7, = 0 (cf.
and for p). We observe that for n — 0 it holds that 5\%0 — j > 0, while for
n — oo we have \} — —oo for every k. Hence, by continuity we can choose the
positive constant 7 such that holds.

Furthermore we observe that

—log((j +1)!) if k= j,
7, = < —log(j!) —log(k —j +1) +log(a,) if @, # 0,
—log(j!) — log(k —j + 1) otherwise
o)
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and

/ 0 if pj, > 1,
4 B
f, = —(k—j+2) Ziﬁ A + q loglogn if pj, <1 and aj, # 0,
log(B),) if pj, <1and &, =0,

. d = 2. or o —
—(k—j+2)62, 'allogn—&—O(ﬁl) +{O(loglogn) if ay, # 0,
i=j

i—j+1 log(Bk) + O(1) if &}, = 0.

Since we fixed 1 such that (4.38) holds, to guarantee that |(C1)| and are both
satisfied we need that

i, < —u, for every j —1 <k <d
o H= s forkeueh that N0 (49

an Ay = —U; or k such that A\ = 0.
Observe that in the expression for ji, we have 3¢ % = o(logn), thus we
can ﬁnd a function w of n with w — oo such that f% < o(logn) < % If we choose
€= _\/J then i}, — oo, whereas for € = \/5 then fij, — oo. Therefore, by continuity

we can choose € = o(1) such that (4.39) holds.

Finally, observe that for any n and € such that (4.38)) and (4.39)) simultaneously hold,
we have that and are both satisfied, i.e. p’ is a (j — 1)-critical direction, as
required. O

4.11.3 Proof of Lemma [4.4.13!
Suppose first that & > j + 1. We observe that

nF*tlp, B nI Tk (g logn + Bi)

Gk —g+1)! U k—7+1) ’

by Definition Moreover, since a;/n% = &; for each j+1 < i < d by in
Definition [£.2.1] we have

g~ &2 (1+o0(1))exp (_T Zj:j+1 <ai 7”%)>

= exp< YT p(z_;w)
= (1+o0(1 eXP( Z = ? zn:; >
v exp( Z (al Bi )) (4.40)
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Substituting these values into (4.12) and taking the logarithm, we obtain
log (E(X; 1)) = (j +1 — ) logn + log(ay logn + Bi) — log(j!) — log(k —j + 1)

_ Zj:j+1 ((k -Jj+1) (ai logn + ﬁ;) + 0(1)>
= <j+17k(kj+l)zt,1 _Hai>logn

1=]

. d Bi
—(k—7+1 Zi:jJrl - + log(ay logn + Bi)

—log(j!) —log(k —j+ 1)+ o(1)
= A logn + pp + v + o(1),

as required.

If k = j, substituting (4.40) into (4.13) we have
J+1 i 1 J '
B0,) = (-4 o) o (52 (atogn s ).

(j+1)! i=j+1 ni

Therefore we obtain

d d B;
S\ = [ 4 _ ) i . |
log(E(X;,;)) = <g 1= a1> logn+> - —log((j+ 1)}
+ log (min{p;, 1}) + o(1). (4.41)
We first consider the case when p; < 1, in which case by Definition we have
aj =0, and so

log (min{p;,1}) = logp; = log (fi) = —; logn + log f;.

Substituting this into (4.41]), we obtain

. d d B’L
log(E(X;,5)) = (J 1o = az) logn+_ - +logf

—log((j 4+ 1)!) + o(1).
= Ajlogn+ p; +vj+o(1)

as required.
On the other hand, if p; > 1, then we must have ~; = 0. Furthermore,

log (min{p;,1}) =log1 =0,
and therefore (4.41]) gives
d d Bi :
N=(i+1- , _ !
og(B 06,0 = (1+1- 300 oo+ 30 2 —tou(lg + 1)+ of1)

= Ajlogn + p; +v; +o(1)

since we are in the case when £ = j and p; > 1. O
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4.11.4 Proof of Lemma 4.5.1]

Let 7 be the set of all 4-tuples (K, C,w,a) that might form a copy of Mj,ko in G; (i.e.
all sizes and containment relations are correct, but we make no assumptions about
which simplices are present or absent), and let T' = (K, C,w,a) € T. Property

holds with probability
e_ @2 logn
pio = 2o, Do ( , > , (4.42)

nkO —Jj+1

since the choice of kg is such that ag, # 0 (see Deﬁmtlon By Proposi-
tion 2| the probability that holds is (1+o(1 ]H where since 7 = ¢/n

we have

g B0y (1))eXp<_Z.Zd _ <&klogn+ﬁc)>—l+o(l),

k=j+1

and therefore holds with probability 1 + o(1).

In order to calculate the probability that also holds, first observe that if [[M2)]
holds, then no simplex can contain more than one side of the (potential) j-shell C' U
{w}U{a}. Thus, conditioned on the event that and hold, each of the j+1
sides of C U {w} U {a} forms a j-simplex independently with probability

e | N e e R R

where

—Z p’“” - @(105”) (4.43)

Combining all the probabilities, we obtain
Pr(T" forms a copy of Mj 1,) = (1 4 o(1))pr,m L. (4.44)

Recall that X, denotes the number of copies of M, x, in G,. Now (@-44) implies
that

B0 = () (7)o =+ D= ko = Dy 1+ o0

i 1 kg 2 )
:(1+0(1))m-®(( n)i+2), (4.45)

We now aim to calculate the second moment E((X; ,)?). Given two 4-tuples 7} =
(K1,C1,wi,a1) and Ty = (K2, Co, w2, az), we define

o I =1I(Ty,Ty) = (KyU{a1}) N (KyU{as}) and i := |I;

1 if k) = Ko,

2 otherwise;

o s=s(Ty,Ty) := {
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e 7. to be the set of all (j + 1)-subsets of {C, U {a,} U {wy}} for x =1,2 and
t =Ty, T3) = (71 U J) \{CL U {wn}, Ca U w2},

i.e. the number of (j + 1)-sets that are sides of the (potential) j-shells of Ty and
T5, but not a base of either j-shell.

If s = 2 and the intersection of the two simplices contains a petal, then Tl and Tg
cannot both form a copy of ijko, because would be violated. In the following,
we therefore assume that this is not the case.

Clearly, l@ holds for both T} and 75 simultancously with probability (ko )?, while
conditioned on _ by Proposition the probability that holds for both
Ty and Ty simultaneously is (at least) (1 4 o(1))g 72(*o=3+1) = 1 4 o(1). Conditioned
on and holding, observe that each of the ¢ sides of the (potential) j-shells
lies in some i-simplex (and hence forms a j-simplex) with probability r. Moreover,
no simplex in G, can contain more than two of those sides (at most one from each
potential shell since otherwise it would contain a petal, which is ruled out by the
conditioning on . Furthermore, the probability of a side lying in any k-simplex
that contains two distinct sides is

d k—j—1 logn\ @)
_ _ O(TL ) — —_— = 2
1 szjHu Pr) O ( > o(r?).

n2
Therefore, the probability that all ¢ sides form j-simplices is (1 + o(1))r® and thus
¢

Pr(71, T both form copies of Mj 1) = (1 4 o(1))(pr, )*r". (4.46)

Define 72(i,s,t) to be the set of pairs (71,7%) € T x T with parameters i, s and
t. Denote by S the set of triples (i, s,t) for which T2(i, s, t) is non-empty. With this
notation, (4.46]) implies that

E((Xjk,)?) = (L+o(1) > > (k)

(i,8,6)€S (Ty,T)€T2(4,5,t)

Observe that |72(i, s, t)| = O(n®**4~7). We can now estimate the contributions of all
the summands, distinguishing according to the possible values of s and 3.
Case 1: s=1. This means that K; = K5, and thus kg + 1 <17 < kg + 2.

e i = kg + 1. The two j-shells have the same apex vertex and thus the j-shells
coincide if and only if they have the same base. This means that ¢ > j+ 1, which
gives a contribution of order

O<pk0rj+1n2ko+4—(kg+2)> <u 0 (E<Xj,ko)> -0 (E(Xj)]m)Q) )

e i = kg + 2. In this case a; # as and thus the sets of sides of the two j-shells
would be disjoint, i.e. t = 2j + 2. Therefore we get a contribution of order

2 )
0 (pkor2j+2n2k°+4_(k°+1)) o (E(XJ”“’) > =0 ((E(Xj,ko)2) :

pkonk0+1
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Indeed, in order to prove the final property of the lemma, that the associated
copies of Mj y, are distinct, we observe something even stronger: we have

DPkoT

nJ

2j+2,2ko+4—(ko+1) _ g ((IOg”)2j+3> = o(1).

Thus by Markov’s inequality, whp there are no two copies of J\ij,ko that share
the same kg-simplex but have distinct apex vertices.

Case 2: s=2.

e i = 0. We show that this case represents the dominant contribution to the
expected value E((X;k,)?). The two j-shells are disjoint, hence ¢t = 2j + 2.
Observe that we have

n ko +1 . B nkot2
(%+J( j)wwq+nm—m—n—u+mnmmw

choices for Ty. For any fixed T1, the number of choices for Tg that yield i = 0 is
n—ko—1\ (ko + 1) , nko+2
. ko—7+1)(n—-2kg—3)=(1+0(1)——.
(oo T (5 =t 0= 2h0 - 3) = 1+ o)
Thus, the contribution of all such pairs is
piOT2j+2n2ko+4 o]

(1+0(1))W = (1+ 0(1))E(X; x,)*.

U

e 1 < ¢ < 4. In this case T, and T, cannot share a j-simplex of their shells, i.e.
t = 25 + 2. Therefore the contribution is

N )
0 (piorzj+2n2ko+4—i) o <E(inko) ) _ O(E(Xj,ko)g)-

n'L

e i = j+1. Here, Ty and T can share at most one j-simplex of their shells, which
means t > 2j + 1 and we have a contribution of order

; (i E19) E(Xj1)?\ @) .
o) (pior”“nzk“‘* (J“)) ) (Eﬂn;f‘{) = 0(E(Xjx,)%)-

e j+2 <4< ky+2. In this case t > j, because T1 and Tg may share their j-shells,
meaning that at least j + 2 many j-simplices must be present, but have different
bases, i.e. up to two sides of the (potential) j-shells may be automatically present
as j-simplices because of K; and K5. Therefore the contribution is

, _i\ &) E(X;1)?\ E&3) 5
O (pi,r/n®rot4=1) == O(M == 0(E(X; x,)%)-
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Summing over all cases shows that ]E(( J, ko) ) = (140(1))E(X; x,)?, as desired. Thus,
Chebyshev’s inequality implies that X = (1+o(1))E(X; jko) Whp.

Finally, recall that in the case s = 1 i = ko + 1, we observed that whp there are
no two copies of MJ ko that contain a common M; 1, , in which case all copies of M] ko
must have distinct associated copies of M; x,, as claimed. O

4.11.5 Proof of Lemma [4.5.5

We will prove the lemma with ¢ = &g, /4, where ky is as defined in Definition |4.4.14
We first bound the expected number of copies of M.
In order to apply a second moment argument, we will show that

E((Xj%)?) = (1 + 0(1))E(X;,1)%,

implying that whp X is concentrated around its expectation. We first consider the
case when k > j + 1.

Let 7 denote the family of pairs T' = (K, C), where K C [n] with |K| =k + 1 and
C'is a j-subset of K. Each of these pairs may form a copy of M; ; with K as k-simplex
and C' as centre of the flower F(K,C). For T' € Ty, denote by Xr the indicator random
variable of the event that 7" forms a copy of M; . Thus X = ZTeTk Xr.

Given two pairs Ty = (K71,C4) and Ty = (K3, C3), we define

1 it Ky =K
o s=35(T1,Ts) := na o
2 otherwise;
o Fp :={CrU{w}|we K, \C} for h=1,2;
o t =t(T1,Ts) := |F1 U Fal, i.e. the total number of (potential) petals.

By Proposition [£.4.12} the probability that two pairs in 7;, both form a copy of M;  is
(140(1))p;q "*. With this observation, we can determine the contribution to E((X; x)?)
made by those pairs with a fixed value of s.

e s = 1. Petals can be shared, but certainly ¢ > k — j + 1 and the contribution is
at most of order

ki &)
O (n*+1ppg7*+0) B O(B(X;0) = o B(X;)?).
e s = 2. By definition, a petal cannot lie in any other k-simplex and thus only the

pairs with ¢ = 2(k — j + 1) have a positive probability of both forming a copy of
M; i,. The number of such pairs is

(5 =2 ()

Thus these pairs provide a contribution of

o (1) (V) e @ o
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In total, we therefore have E((X;x)?) = (1 + o(1))E(X; k).

We now consider the case k = j. The proof is similar but simpler, since for a pair
(K,C) to form a copy of M, ; we only require K to be an isolated j-simplex, and C
to be the canonical choice (see Definition . On the other hand, we need to be
careful if p; > 1, since then p; must be replaced by 1 in any probability calculations.

Recall that since j is a critical dimension we have that \; logn+ fi; +7; = O(1) (see
Definition 4.2.6). For the second moment of X ;, we count pairs of isolated j-simplices
according to the size of their intersection i. Applying Proposition we obtain

505, = 5060+ 3 (7)) (] ) w1y

i=0
(1+0(1)g™
E13) J .
< E(X;,)° [140(1)+ ) 0m™)
= E(X;;)*(1+o0(1)).
Thus in both cases we have E((X;x)?) = (1+o(1))E(X, )? and so by Chebyshev’s
inequality and Corollary 5.7 whp

Ay 1
X = (14 0(1)E(X; 1) > exp (“’“Og”)

40.)0

as required. O

4.11.6 Proof of Proposition [4.5.6]

Observe that for each k > j we have

po= L8Py

nk_j"l")’k

aylogn + By .
g kD

ailogn + (14 &) B + axlogn

- nk—i+7k (k=)

and the first three statements follow directly. Furthermore, since Ay and vy, are depen-
dent only on o and v, and not on (8, the fourth and sixth statements also follow.
For k > j + 1, recall that py <1 by Remark [£:2.2] and therefore we have

. d
pe=—(k=j+10) =

Bi loglogn if ag # 0,
log(ﬁk) if ap = 0.
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We have that

d
Bi
Z ni =

(1+€)Bi +a;Elogn

nYi
i=j+1 i=j+1

B d )

D 5 A (3 s 2
=5+l i=j+1 i=j+1

B d B

EY D e | ) aidognt Y0 - tollogn)

i=j+1 i=j+1 1770
d B d

= > =+ (1 +o(1)E > ailogn, (4.47)

i=j+1 i=j+1

and for all k£ such that o = 0 we have the additional term

log(Br) = log((1 +€)B) = log(Bk) + o(1).
Thus in total we have
d
— ik — (1 4+o0(1)(k—j+1 a; log .
= i, — (14 o(1))(k —j + )52@,“& ogn
On the other hand, for k& = j, observe that implies that if p; < 1, then
a; = &; = 0. Furthermore, if p; <1 < p;, then @; =4; =0 and p; = 8; = 1 + o(1).

Therefore, we have

ifp]' > 1,

Hi =

Yt
i=j+1 nYi

0
log(B;)

nYi

d (14+&)Bi + aélogn
- Zi:jJrl 7 * {

0 ifpj > 1,
log(B;) +log(1+¢) ifp; <1

_ d Bi + a;logn log(B3;) if p; <1< pj,
= [ — B 4 o(1) +
Ay =& Zi:jﬂ nYi (1) {0 otherwise

E3 d _
= 7, — (1 1 ;logn,
py = (1H0(0) €Y7 ailogn

as required. O

4.11.7 Proof of Corollary 4.5.7]
By Proposition applied with & = —1/wy, for any j < k < d we have A\, = A,

v = Uy, and

auy, logn

i = i+ (L o) (b — j + 1)— 3"

a; logn > g +
wo =41 108N = [k

9

20.)0
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where we are using that k — 7 4+ 1 > 1. Thus we have

- ap, logn
A logn + pug, + v > Ay logn + fig, + 7 + R0 081

)

20.)0

therefore Lemma |4.4.13[ and the fact that A\, logn + fiy + 7% = O(1) imply that
ag, logn ag, logn
E(X; > —roTre 1 > —rore 7
(Xjk) > exp( o + O( )) > exp ( 3o > ,

as claimed. 0

4.11.8 Proof of Corollary 4.5.8]
For any j < k < d, Proposition applied with £ = —£2— tells us that

logn

d
MNe =gy pe=pk — (14 01))(k—j+1)ecy Zi:j-H @i, vp =105 (448)

If k is not a critical dimension, by Definition [£.2.3] and Lemma [£.4.13] we have

log (E()_%k)) = M\ logn + fiy, + g + o(1) = —o0,

where X 5 denotes the number of copies of M; in G(n,p) (i.e. for 7 = 1) and thus
E(X; ) = o(1). Hence, by applying Lemma |4.4.13| at time 7 we have

ECX;0) B2 (14 0(1)E(X; 1) = o(1),

as required. -
If k is a critical dimension, we have A\ = 0 and ji, = O(1) (see Definition [4.2.6)).
Thus by Lemma we have

E(X;k) = exp(Aglogn+ g + v, + o(1))
oty
exp ((k —Jj+ ey Zi:j+1 ozi)

= (1+o0(1))exp(fir + o + c( —j — 1)),

where we are using that 0 = \y = j+1 -3 — (k—j + 1) Z?:j-u . O

4.11.9 Proof of Proposition [4.8.0]

Given an ordered m-simplex ® = [vg,...,vy] and a vertex u ¢ ®, define the ordered
(m + 1)-simplex
[u, @] := [u,vo, .-, Um],

for any m € [n — 2.
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Let v € [n] and consider a j-cochain f as in the statement. We define the (j — 1)-
cochain f, that maps every (j — 1)-simplex p to the value

fv(p) = {f([v’p]) if v ¢ 0

Or otherwise.
For any ordered j-simplex o = [vy, ..., v;| we have
o j ; A
flo) = (& fo) (o) = flo) — Zi:o(_l) fo (fvo, s iy .y 05]) (4.49)
If u ¢ o, then

F0) =@ 1)) B 1) = 30T (1 (orvor b)) = () ([0,

by definition of the operator &7.
If v € o then v = v, for some ¢ € [j]o, implying that fy[vo,...,¥;,...,v;] = 0 for
every i # ¢ and f,[vo,..., U, ...,v;] = (=1)*f(o). Thus

o) = 1)) B2 (o) - (-1 f(0) = 0p.
Putting everything together

(7 f)([v,0]) ifv ¢ o

] (4.50)
Ogr otherwise.

flo) = (677" fu) (o) = {

Recalling that every j-cochain of the form f + g with g a j-coboundary has support
of size at least |S|, we have

n|S| < Z lsupp(f — 0771 f,)| = [{(v,0) : v € [n], o € supp(f — 871 f,)}|. (4.51)
vE[n]
For a pair (v,0), by (4.50) it holds that o is in the support of f — 671 f, if and only
if v ¢ o and the (j + 1)-simplex [v, o] is in the support of (67 f)(uc). Hence

4.51] )
n1S) B2 {{(v.p) 1 v € p. p € supp(@ 1)}

(J +2)[supp(é” f)|
= (G +2)b(f),

as required. O

4.11.10 Multivariate Poisson approximation
In order to prove Lemma we will use a method from [6] that we briefly explain

in this section.
Given a discrete set H, the total variation distance between the distributions of two
H-valued random variables Y and Z is defined by

drv (L(Y),L(Z)) = %ZheH |Pr(Y = h) — Pr(Z = h)).
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Lemma 4.11.1 (|6, Theorem 10.J]). Given a set T' with a partition T' = U, _, Ty and
a collection (I,)qcr of indicator random variables defined on a common probability
space, let

o 7, :=Pr(I, =1), for every a € T;

o Wi:=> cr, Lo, for k € [r];

o« W= (Wi,...,W,);

my :=E(Wg) =Y cr, Ta, for k € [r];

e m:=(my,...,my).

Suppose that for each a € I there exist random variables (Jpq)ver defined on the same
probability space as (Iy)per with

L ((Joa)ver) = L ((Iy)per|la =1).
Then
dTV (‘C(W)7 Po(m)) < ZaEF Ta (ﬂ—a + Zb#aElJba - Ib‘) )

where Po(m) denotes the joint Poisson distribution (Po(mq)...,Po(m,)) and Po(0) =
0.

It is easy to see that if there exists m := (y,...,m,) such that for every k € [r],
~ n—oo ~
my € R and my, = my(n) ——— My, then

L(W) -4 Po(rh)

if and only if
drv (£(W),Po(m)) === 0.

4.11.11 Proof of Lemma 4.9.1]

We will first show that we can apply Lemma With Wi, = X, 1 and my, = E(X 1)
for k = j,...,d. Subsequently, we show the bound on the total variation distance is
indeed o(1) and that lim, . E(X, ;) = &.

We want to define the set I' of potential copies of M\ in G, for each j <k < d. As
in the proof of Lemma we consider the sets

Ti={(K.0): K ¢ (;g[i]l)’ce (I§>}

for each j + 1 < k < d. Furthermore we define the set 7; analogously but with the
additional condition that given a (j + 1)-set K, then the set C' consists of the first
j-vertices of K according to the increasing order of [n] (cf. Deﬁnition. Following
the notation of Lemma we set I := Uzzjﬁ and we use a = (K,, C,) to denote
an element of T'.

For any a € T, CT', we define the following quantities
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o ky:=k;

e I, is the indicator random variable of the event that a forms a copy of Mj ;

o mq:=Pr(l, =1) = E(lL);

e 3, is the collection of forbidden sets for a, i.e.
B,={BC[n]:|B|<d+1,B¢ K,,B D P for some P € F(K,,C,)},

where F(K,,C,) = {C, U{w} | w € K, \ Cy} is the j-flower in K, with centre
C, (see Definition and (4.9)). In other words, B, is the collection of subsets
of [n] that are not allowed to be simplices in G, in order for a to form a copy of

My (ct. in Definition |4.4.4]).

Observe that if a = (K,4,C,) € Tj, then F(K,,Cy) = {K,}, therefore the set B,
consists of all the subsets of [n] (of cardinality at most d + 1) that contain K,.
Given a family D of sets of vertices, we say that the indicator random variable of an

event F depends only on D if E only depends on whether the sets in D are simplices
in G, or not. Observe that by Definitions f.4.4] and [£-4.5 we can write

I,=1 {{Ka € gT} A {B g g77VB € Ba}}a
therefore the random variable I, depends only on the family of sets
Do :={K.} UB,.

To apply Lemma we now aim to define the random variables (Jpq )per. Given
a,b € I', we define the events

o B}/ ={K, € G, }V{K, = K,},
o Ef, ={B¢G,,VB € B\ B},
o B}, = {K, ¢ B} A K, & By},
and the indicator random variable
Jha = 1{BL, A B2 A ELY. (452)

We claim that
L ((Jva)ver) = L ((Jpa)per/la = 1). (4.53)

To see this, let Dy, be the family of sets of vertices which Jp, depends only on. If K €
B, or K, € By, by ([#52) and the definition of E} we have Jy, = 0 deterministically
and we set Dy, := 0. Otherwise, by ([4£.52) we have

Dpa = ({Kp} \ {Ka}) U (By \ Ba)

and if K, = K, then K, is not in B, because the event Eg’a holds, hence we have
Dva = Dy \ D,. In particular, this implies that Dy, and D, are always disjoint and
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this holds for every b € T', thus the joint distribution of (Jpq)per does not change if we

condition on I, = 1, yielding ({4.53]).
We further claim that for every b € T’

(Io=DA(a=1) < (T=1)AT=1)). (4.54)

Suppose I, = Jp, = 1. We have K;, € G, by E, and the fact that K, € G,, since
I, = 1. Moreover, I, = 1 yields that none of the sets in B, is in G, and by definition
of Ega also none of the sets in By, \ B, is in G, therefore in particular every set in B,
is not in G,. Thus, by definition of I, we have that I, = 1.

Vice versa, suppose that I, = I, = 1. By definition of I, and I}, clearly the events
E}, and E?, hold. Moreover, I, and I, can be both equal to 1 only if K, is not
forbidden for a and K, is not forbidden for b, i.e. the event E, must hold. Thus, it
follows that Jp, = 1. This proves .

Hence, conditioned on I, = 1, for every b € I' yields that Jp, and I are the
same random variable, and thus in particular

L((Jsa)verla =1) = L((Ip)ver|la = 1). (4.55)
In total, we have
£((haher) B2 L((haherlta = 1) BB £((herlt =), (a56)

Since X = ZaETk 1, for any j < k < d, we can thus apply Lemma [4.11.1] Setting
Zy, = Po(E(X 1)) for each k, we obtain

drv (E(X), (Zj,...,Zd)> <> 7o [T+ D> ElJoa — L] | - (4.57)

acl b#a

We want to show that the right-hand side of (4.57) is o(1). Recall that for every
beTl by (4.10) and Proposition [4.4.12f we have

E(Iy) = m = (1+ o(1))pr,q " "7 +Y), (4.58)
and therefore (cf. (4.12)
E(Xjk) = Zben E(1p) = ©(n*pg 7+ IH) = O(1), (4.59)

where the last equality holds because we are considering G, within the critical window.
Furthermore, by (4.56)) we have

E(Jya) = Pr(I, = 1|1, = 1). (4.60)
We now fix a € I' and estimate the sum >, E[Jya — I,f, by distinguishing some
cases.

Case 1: K, = K,. First observe that since b # a, this case can only be possible if
ky = ko > j+1 and Cy # C,. Moreover, conditioned on I, = 1, i.e. a forming a copy of
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Mj’?“, there are (k“;rl) —1=0(1) ways to choose b such that K, = K, and C}, # C,.

Furthermore, b forms a copy of M j’-“b = Mf“‘ with probability O(g ™*«=7)), because
K, = K, already exists in G, as simplex (and so there is no py, = pg, term) and
because the flower F (K}, Ch) can share at most one petal with the flower F(K,, Cy)
(and so we lose at most one factor ¢ 7). Thus if we set

By :={beT:b#a,Ky=K,}

we have

ZbeBl E|Jpq — Iy Z E(Jva) + E(11))
-Z PrIb—1|I =1)+ )

O(1 ) ( (7 T(ka—y))_|_0(pk q 7(ka— j+1)))
O(g 7" =) = o(1),

where the last equality follows from the facts that 7(k, —j) > 1+ 0o(1) and § = o(1)
(. (@T33)).

Case 2: Ky # K,, but K, € B, or K, € By. This means that the event Ega does
not happen, thus Jp, = 0 deterministically by .

Case 2.1: K, € B,. Given K,, the set K; must contain at least j 4 1 vertices of K,
in order to be forbidden for K, because K}, contains at least one petal (i.e. (j+1)-set)
of the flower F(K,, C,). Hence, there are O(n*>=7) possible choices for b, and thus if
we set

B2.1 = {ber:b#cth#KameeBa}a

we have

ZbGBz_l ]E|Jba N Ib| < ZbGBz.l ]E(Ib)
d
k—j T(k—j+1)
>, 0 (" ma )
d E(X;0)) _
Zk:j 0 ( PYESE o(1).

Case 2.2: K, € By. Set
Boo:={beT :b#a, Ky # K., K, € By}
By exchanging the roles of K, and K} in Case 2.1, with the same argument we have
Zbelez E|Joq — Ip| = o(1).

Case 8: K, # K., Ky, ¢ B,, and K, ¢ B,. This case contains almost all the
summands of 3, E[Jy, — Iof, thus we need the main terms in the sum to cancel.
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The event Ega hold, yielding that if I, = 1 then also Jp, = 1, that is Jpq > I
deterministically and therefore

E|Jba — Ip| = E(Jpa) — E(I). (4.61)
There are (ky — j + 1) (potential) petals in b each contained in (";ﬂ;l) many (k+1)-
sets that must not form k-simplices in G, in order for b to form a copy of M; ;, for
each j + 1 < k < d. However some of these forbidden (k + 1)-sets might be double-
counted because they contain more than one petal in b, and additionally some of these
forbidden (k + 1)-sets might be forbidden for both a and b, and therefore we already
know that they are not simplices if we condition on I, = 1. In either case, any of
these (k + 1)-sets contains at least two petals and so at least j + 2 vertices are already

fixed, thus there are O ((kiffjﬁ)m)) = O(n*=7=1) many (k + 1)-sets that we have to
exclude when counting the sets of size k + 1 that are forbidden for b. In other words,
the number of (k+1)-sets that must not be simplices is (ky—j+1) (";ﬁ;l) —O(nF=I71),

yielding

(4.60)
E(Jpa) B Pr(l, = 1|1, = 1)
d
= Pk, Hk:jﬂ(l — TPk

1+ o) B0 T

)(kb—j+1>(";1‘;1)—0(n’“*1*1)

Z:j+1 exp (O(px) - O(n*~771))

) d logn ;
_ o (kp—j+1) BN k—j-1
= (o S e (0 ()

(1 + o(1))pr, g ™" =IHY,

and thus

@51 ESY) (K —
E|Jba — Io| B2 E(Jha) — E(I) = E(Jba) — m 22 o(pr,g "® 7). (4.62)

Given a, the number of b € Ty, satisfying the conditions of case 3 is O(n**1), hence if

we set
By:={bel:b#a,Ky# Ko, Ky € Bo, Ko & By},

we have

l’ d —7(k—j
Zb€B3E|Jba—Ib| = Zk:jO(”kH)'O(mq (h=it1)y
E59) d

= o(1): 37, OB(X;0)) = o(1).

Since {b € ' : b # a} = By U By ;1 U By 3 U Bs, putting all the cases together we have
that >, E|Joa — Iy| = o(1) for any fixed a € T', as required.
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Observe that for symmetry reasons, the quantity >, , E[Joq — Iy| = o(1) remains
the same if the sum is over b # o’ with k. = k.. Thus we have

Zaef‘ Ta Zb#a ElJoa = D] = Zk:j o(1)- Zaerk Ta
d

<
< (mrm) (o) o)
d
= <%1212”Ta) <Zk_J E(X; k)) +o(1)
E39)
= (%1212(77“> -0(1) + o(1),
and
= r(k—j+1)
maxm, = max, ((1+ o) ")

In conclusion, we have
drv (ﬁ(X), (Z;,..., Zd)> 2720,
Since by Corollary limy, o0 E(X; 1) = & for every j < k < d, we have

L(X) 5 (Po(&)), ..., Po(£4)),

as required. O

4.12 Concluding remarks

4.12.1 Non-triviality of cohomology groups

To prove Theorem our strategy was to show that for every ¢ > 0 and for
each i € [j], whp H'(G,; R) # 0 for every 7 € I;(e) = [¢/n?~*F1, 1), because of

K2

158



the existence of copies of Mi,k for some ¢ < k < d throughout the interval I;(e)
(Corollary. However, it is likely that the i-th cohomology group would be non-
trivial already in earlier regimes. In particular, it would be interesting to precisely
determine from which point on H%(G,; R) # 0 whp and in this case to describe its
rank, analogously to Theorem [1.1.5]

4.12.2 Dimension of the last minimal obstruction

In Theorem [£.T.5] we obtain an asymptotic description of the j-th cohomology group in
the critical window. More strongly, in this regime Lemma yields the asymptotic
(joint) distribution of the number of copies of My, for every index k with j <k <d.
This leads to the natural question: what is the dimension of the last copy of Mj ;. that
vanishes?

4.12.3 Determining the critical dimensions

For a given j-critical direction p = (p1, - .., Dq), it is interesting to determine which in-
dices k with j < k < d represent critical dimensions for p. Recall from Definition [.2.6]
that k is a critical dimension if A\ logn + fix + 7 = O(1). The main term of this
expression is i logn; all other terms are o(logn). The constant A, depends on the
parameters Vg, &jy1, ..., ®q. lgnoring the lower order terms, we can therefore plot
the ranges where A\, = 0 as a function of those parameters, for j < k < d.

We present some examples of these plots in Figure [f.4] Further examples can be
found at: https://www.wolframcloud.com/obj/delgiudice/CriticalDimensions
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Figure 4.4: Plots of the equations Ay, = 0 (k = 1,2 in (a) and & = 2,3 in (b), re-

spectively). For each i € [k], we use the same axis for @; and 7;, because
property in Definition :4.2.1 states that only one of a;,7; is non-zero.
The black bold parts mark the ranges for which p is a j-critical direction.
The striped portions in the lower left corners indicate the regions in which
whp G, has no simplices of positive dimensions.
(a) Plots of Ay = 0 (plain) and Ay = 0 (dashed), for d = 2, j = 1. Recall
that the equation A\; = 0 refers to copies of M 1, i.e. isolated edges in G, .
(b) Plots of A2 = 0 (plain) and A3 = 0 (dashed), for d = 3, j = 1. In this
case, the plots are under the condition that p; = 0.
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