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Abstract

Path homology is a topological invariant for directed graphs, which is sensitive to
their asymmetry and can discern between digraphs which are indistinguishable to the
directed flag complex. In Erd6s—Rényi directed random graphs, the first Betti number
undergoes two distinct transitions, appearing at a low-density boundary and vanish-
ing again at a high-density boundary. Through a novel, combinatorial condition for
digraphs we describe both sparse and dense regimes under which the first Betti number
of path homology is zero with high probability. We combine results of Grigor’yan et
al., regarding generators for chain groups, with methods of Kahle and Meckes in order
to determine regimes under which the first Betti number is positive with high prob-
ability. Together, these results describe the gradient of the lower boundary and yield
bounds for the gradient of the upper boundary. With a view towards hypothesis testing,
we obtain tighter bounds on the probability of observing a positive first Betti number
in a high-density digraph of finite size. For comparison, we apply these techniques to
the directed flag complex and derive analogous results

Keywords Path homology - Directed flag complex - Stochastic topology - Directed
graphs - Random graphs

Mathematics Subject Classification 05C20 - 05C80 - 55U15 - 60C05 - 62F03

1 Introduction

In applications, networks often arise with asymmetry and directionality. Chemical
synapses in the brain have an intrinsic direction (see (Purves et al. 2018, §5)); gene
regulatory networks record the causal effects between genes (e.g. Aalto et al. 2020);
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communications in social networks have a sender and a recipient (e.g. Leskovec and
Krevl 2014). A common hypothesis is that the structure of a network determines its
function (Ingram et al. 2006; Reimann et al. 2017), at least in part. In order to investigate
such a claim, one requires a topological invariant which describes the structure of the
network. To obtain such a summary for a digraph, one often symmetrises to obtain an
undirected graph, before applying traditional tools from TDA (e.g. Helm et al. 2021).
This potentially inhibits the predictive power of the descriptor, since the pipeline
becomes blind to the direction of edges. In recent years, particularly in applications
related to neuroscience (e.g. Caputi et al. 2021; Reimann et al. 2017), researchers
have explored the use of topological methods which are sensitive to the asymmetry of
directed graphs.

A much-studied construction, for undirected graphs, is the clique complex (or flag
complex)—a simplicial complex in which the k-simplices are the (k+ 1)-cliques in the
underlying graph. An obvious extension to the case of directed graphs is the directed
flag complex (Liitgehetmann et al. 2020). This is an ordered simplicial complex in
which the ordered k-simplices are the (k+1)-directed cliques: (k+1)-tuples of distinct
vertices (vo, ..., Ux) such that v; — v; whenever i < j. An important property of
this construction is that is able to distinguish between directed graphs with identical
underlying, undirected graphs; it is sensitive to the asymmetry of the digraph.

Path homology (first introduced by Grigor’yan et al. (2012)) provides an alternative
construction which, while more computationally expensive, is capable of distinguish-
ing between digraphs which are indistinguishable to the directed flag complex (e.g.
Fig. 1, c.f. Chowdhury and Mémoli (2018)). Moreover, the non-regular chain complex,
from which path homology is defined, contains the directed flag complex as a subcom-
plex. Intuitively, the generators of the kth chain group of the directed flag complex
are all the directed paths, of length &, such that all shortcut edges are present in the
graph. Whereas, the kth chain group of the non-regular chain complex consists of all
linear combinations of directed paths, of length k, such that any missing shortcuts of
length (k — 1) are cancelled out.

Other desirable features of path homology include good functorial properties in
an appropriate digraph category (Grigor’yan et al. 2014, 2020) and invariance under
an appropriate notion of path homotopy (Grigor’yan et al. 2014, Theorem 3.3). Fur-
thermore, path homology is a particularly novel method since it operates directly on
directed paths within the digraph, rather than first constructing a simplicial complex.
Rather than being freely generated by distinguished motifs, the chain groups for path
homology are formed as the pre-images of the boundary maps. As such, finding a
basis for the chain groups is often non-trivial, which complicates the understanding
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of how homology arises in a random digraph. Hence, it is desirable to develop an
understanding of the statistical behaviour of path homology, both from an applied
perspective and from independent interest.

Key questions include (as discussed for the clique complex in Kahle 2009; Kahle
et al. 2014; Kahle and Meckes 2013): when should one expect homology to be trivial
or non-trivial; when homology is non-trivial, what are the expected Betti numbers;
and how are the Betti numbers distributed?

Notation 1.1 Assume G is disturbed according to a null model depending only on #,
e.g. after assuming all other parameters are functions of 7.

1. We say a property P holds with high probability, if property P holds with proba-
bility tending to 1 as n — oo.

2. Given two random variables X, Y, depending on G, we write X ~ Y with high
probability if for any € > 0

X

Y

IP[]—6< §1+e]—>1 asn — oo. (1.1)

To date, traditional topological invariants enjoy a greater statistical understanding
in the context of basic null models. In particular, Kahle showed the following:

Theorem 1.2 (Kahle 2009; Kahle et al. 2014) For an Erdds—Rényi random undirected
graph G ~ G(n, p), denote the kth Betti number (over a field of characteristic
0) of its clique complex X(G) by Bi. Let fi denote the number of k-cliques then

Elfi]l = (kil)p(kgl). Assume p = n®, then

1. if—1/k <o < —1/(k+1) then Bx ~ E[Bx] ~ E[ fr] ~ fx with high probability;
2. if—1/k <a < —1/(k 4+ 1) then Br > 0 with high probability;

3. ifa < —1/k then Br = 0 with high probability,

4. ifa > —1/(k + 1) then By = 0 with high probability.

In essence, this characterises the understanding that, in any given degree, ran-
dom graphs only have non-trivial, clique complex homology in a ‘goldilocks’ region,
wherein graph density is neither too big nor too small. Moreover, the boundaries of
this region are dependent on the number of nodes in the graph, scaling as a power law.
Our primary contribution is a similar description for two different flavours of path
homology, in degree 1.

1.1 Summary of results

In order to derive useful probability bounds, it is often necessary to prescribe a null
model which is highly symmetric and depends on few parameters. Therefore, through-
out this paper we will be focusing on an Erd6s—Rényi random directed graph model,
in which the number of nodes is fixed (at n) and each possible directed edge appears
independently, with some probability p. Note, this model allows for the existence of
a reciprocal pair of directed edges.
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Although individual results are potentially stronger, the following theorems charac-
terise the theoretical understanding that we will develop. Denote the k¢4 Betti number

of the non-regular path homology of a digraph by _ﬂ) k. Firstly, (FO + 1), is the
number of weakly connected components. This coincides with the number of con-
nected components of the flat symmetrisation of the digraph (see Definition 2.10). If
G ~ 8(11, p) is an Erd6s—Rényi random directed graph then its symmetrisation is
an Erd6s-Rényi random undirected graph, G ~ G(n, p), where p = 1 — (1 — p)?.
Thus, we use a standard result due to Erd6s and Rényi (1960), Kahle (2009) to prove
the following.

Theorem 1.3 For an Erdés—Rényi random directed graph G ~ 8(}1, p(n)), let ,_3)0
denote the Oth Betti number of its non-regular path homology over 7. Assume 1 —

(1 — p())? = (log(n) + f(n))/n, then

1. iflim,_,  f(n) = —o0 then ?0 > 0 with high probability,
—
2. iflim, .« f(n) = oo then B o = 0with high probability.

The same result holds for regular path homology.

Our primary contribution identifies a similar ‘goldilocks’ region for the first Betti
N
number of path homology, 6 1.

Theorem 1.4 For an Erdés—Rényi random directed graph G ~ Z(n, p(n)), let _ﬁ)l
denote the 1st Betti number of its non-regular path homology over Z. Let N1 denote
the number of edges, N\ = #E(G), then E[N1] = n(n — 1) p. Assume p(n) = n%,
then

— —
1. if—1 <o < —=2/3then 1 ~E[B ]~ E[N1]~ N with high probability;
2. if—1 <a < —2/3 then Fl > 0 with high probability,
3. ifa < —1 then FI = 0 with high probability;
4. ifa > —1/3 then ?1 = 0 with high probability.

The same result holds for regular path homology.

By way of justifying the assumption p(n) = n%, in Fig. 9a we plot ]P’[E)l G) =
0], for G ~ 6)(11, p), in colour against log(n) and log(p) along the two spatial
axes. We observe two transitions between three distinct regions in parameter space.
There is an interim region, in which we observe mostly _,8)1 > (0; when p becomes
too small we suddenly observe mostly F 1 = 0, and likewise when p becomes too
large. On this plot, the boundaries between the three regions appear as straight lines.
Hence areasonable conjecture is that these boundaries follow a power-law relationship
log(p) = a log(n)+c. Therefore, following power-law trajectories through parameter
space will allow us to derive either }P’[T‘})l(G) > 0] —> lor P[,T?)l(G) =0]— 1.

Turning our attention to higher degrees, we provide weak guarantees for the asymp-
totic behaviour of _,8) k, for arbitrary k > 1, at low densities.

—
Theorem 1.5 For an Erd6s—Rényi random directed graph G ~ G (n, p(n)), let ,_B)k
denote the kth Betti number of its non-regular path homology over Z. Assume p(n) =
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n® with a < —NTHfor some N € N. Then, ?k = 0 with high probability for every
k > N. The same result holds for regular path homology.

For comparison, in Sect. 5, we apply the techniques used to prove Theorem 1.4 in
order to obtain analogous results for the directed flag complex.

Theorem 1.6 For an Erdds—Rényi random directed graph G ~ 6(}1, p(n)), let B
denote the kth Betti number of its directed flag complex homology over 7. Let Ny

denote the number of directed k-cliques, Ny = rank 7()1{ (G), then E[Ny] = (k_’ﬁl) (k+
1)! p(k;]). Assume p(n) = n%, then for each k > 0

if —1/k <a < —1/(k + 1) then E[B;] ~ E[N];

if —1 <a < —1/2 then 1 ~ E[B1] ~ E[N1] ~ N1 with high probability;
if —1 <a < —1/2 then By > 0 with high probability;

. ifa < —1 then By = O with high probability;

. ifa > —1/4 then B1 = 0 with high probability.

LR W N~

In Sect. 6, we summarise these results and compare path homology and the directed
flag complex to more traditional symmetric methods. We provide Table 1 in which
we record, for each of the homologies under consideration, the ¢-region in which we
know B is either zero or positive, with high probability (assuming p = n%).

In Appendix A, with a view towards hypothesis testing, we derive a tighter explicit
bound for ]P’(E) 1(G) > 0), which becomes useful when p is large. In order to identify
a given Betti number as statistically significant, against a Erd6s—Rényi null model,
one would usually resort to a Monte Carlo permutation test (e.g. Dwass 1957). This
would require the computation of path homology for a large number of random graphs.
For large graphs (n > 100 nodes), this is often infeasible, due to the computational
complexity of path homology. However, if graph density falls into one of the regions
identified by the results in Appendix A, one can potentially circumvent this costly
computation.

2 Background
2.1 Graph theory definitions and assumptions

For clarity, we present a number of standard definitions, and assumptions that we will
use throughout this paper. First, we fix our notation for graphs.

Definition 2.1 1. A (undirected) graph is a pair G = (V, E), where V is an arbitrary
set and E is a set of 2-element subsets of V.

2. A directed graph (or digraph) is a pair G = (V, E), where V is an arbitrary set
and ECV x V.

3. A (resp. directed) multigraph is a (resp. directed) graph G = (V, E) in which E
is allowed to be a multiset.

4. In all cases, we call V(G) := V the set of nodes or vertices and E(G) := E the
set of edges.
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5. Adigraph G = (V, E) is simpleif E C (V x V)\ A, where A :={(i,i) | i € V}.
6. The density of a simple digraph G = (V, E) is the ratio of edges present, relative
to the maximum number of possible edges:

#E

#VHV = 1) @D

density(G) :=

Assumption 2.2 Throughout this paper, unless stated otherwise, we assume that all
digraphs G = (V, E) are simple. This means that they contain no self loops and
contain at most one edge between any ordered pair of vertices.

Given a directed graph G, we make the following definitions to refer to subgraphs
within G.

Definition 2.3 Given a digraph G = (V, E), we make the following definitions.

1. A subgraph is another graph G’ = (V’, E’) such that V' C V and E’ C E; we
denote this as G’ C G.

2. Given a subgraph G; € G and a subset of edges Er € E(G) we let G; U Ej
denote a new graph with edges

E(G1UE)) =E(G1)U Es. 2.2)

and node-set V (G UE»), the smallest superset of V (G ) that contains all endpoints
of edges in E».
3. A(combinatorial) undirected walk is an alternating sequences of vertices and edges

)OZ(U(),e], U], 629""‘”7’[71761’!"”}’1) (23)

such that edges connect adjacent vertices, in either direction. That is, for each i,
either ¢; = (vj—1, v;) or ¢; = (v;, Vi_1).

4. A (combinatorial) directed walk is an undirected walk such that all edges are
forward edges, that is e; = (v;_1, v;) for every i.

5. A (combinatorial) directed/undirected path is a directed/undirected walk which
never repeats vertices or edges, that is v; = v; or¢; = e¢; impliesi = j.

6. A (combinatorial) directed/undirected cycle is a directed/undirected walk such that

vi=v;,i #j < {i,j} ={0,n}. (2.4)

7. The length of a walk is the number of edges it traverses, e.g. the length of p in
equation (2.3) is n.

8. A double edge is an unordered pair of vertices {i, j} € V such that both directed
edges are in the graph, i.e. (i, j), (j,i) € E.

Notation 2.4 1. For vertices i, j € V, we writei — j if (i, j) € E.
2. If E; = {e} is a singleton then we define G| Ue := G| U Ej.

Remark 2.5 Assumption 2.2 allows for the existence of double edges.
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2.2 Analytic and algebraic definitions

Next, we provide definitions of ‘Landau symbols’, which we use describe the asymp-
totic behaviour of two functions, relative to one another.

Notation 2.6 Given two functions f, g : N — R we write
L. f(n) =o(g(n)) if lim, o % =0:

2. [ () = w(g() if i, .00 £ = 0;

3. f(n) ~ g(n) if lim,_, o % -1

Remark 2.7 1. There is an equivalence, f(x) = w(g(x)) < g(x) = o(f(x)).
2. Note that, if X and Y are deterministic random variables then X ~ Y with high
probability if and only if X ~ Y in the sense above.

Finally, we make a formal, algebraic definition, which will be required later in order
to define path homology.

Definition 2.8 Given aring R and a set V, we let R(V) denote the R-module of formal
R-linear combinations of elements of V. That is,

n
R(V):=1) aiey, |neN, a; €R, v; €V (2.5)
i=1

where {e, | v € V} are formal symbols which form a basis of the free R-module R(V).

2.3 Erdos—Rényi random graphs

Throughout this paper, we will primarily be investigating random directed graphs
under an Erdés—Rényi model.

Definition 2.9 1. The Erdds—Rényi random undirected graph model, G(n, p), is a
probability space of undirected graphs. Each graph has exactly n nodes {1, ..., n}
and each directed edge is included, independently, with probability p. A given
graph G on n nodes with m edges appears with probability

Pl —p) D, (2.6)

For a graph drawn from this model, we write G ~ G (n, p).

2. The Erdds—Rényi random directed graph model, 6(11, p), is a probability space
of directed graphs. Each graph has exactly n nodes {1, ..., n} and each directed
edge is included, independently, with probability p. A given digraph G on n nodes
with m edges appears with probability

p" (1 — pyrr=h=m, 2.7)

For a digraph drawn from this model, we write G ~ 8 (n, p).
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2.4 Symmetrisation

Definition 2.10 Given a directed graph G = (V, E),

1. the flat symmetrisation is an undirected graph, G:= (v, E ), where
{i, j} € E with multiplicity 1 <= (i, j) € E or (j, i) € E or both. (2.8)

2. the weak symmetrisation is an undirected multigraph é = (V, E ), where {i, j}
appears in E with multiplicity 2 if both (i, j) € E and (j, i) € E, or with multi-
plicity if 1 if only one of these edges is present.

Remark 2.11 We can view G and G as topological spaces by giving them the natural
structure of a simplicial complex and delta complex respectively. Both of these struc-

tures have no simplices above dimension 1, so clearly 8¢ (G) = ,Bk((O}) = 0 for all
k> 1.

—
Lemma 2.12 Given a random directed graph G ~ G (n, p), the flat symmetrisation
is distributed as G ~ G(n, p) where

pi=1—(1-p?=2p—p~ 2.9)

Proof A given undirected edge {i, j} appears in G if and only if at least one of (i, j)
or (j,i)is in G. Therefore

P({i, j} ¢ E) =P(G, j) ¢ E and (j,i) ¢ E) = (1 - p)*. (2.10)

Hence, the undirected edge appears with probability 1 — (1 — p)?. The existence of
each undirected edge depends on the existence of a distinct pair of directed edges.
Hence each undirected edge appears independently. O

Remark 2.13 Since we always assume p — 0, note that p ~ 2p. This clearly implies
that p = o(n™ %) <= p =o(m/%).

Definition 2.14 Throughout this paper, we define p as in (2.9), whenever the under-
lying p is clear from context.

Definition 2.15 Given an undirected graph G = (V, E),

1. a k-clique is a subset of vertices V' C V, such that #V’ = k and for any two,
distinct vertices, i, j € V', the edge between them is present, i.e. {i, j} € E;

2. the clique complex, X(G) is a simplicial complex where the k-simplices are the
(k + 1)-cliques in G.

We now investigate the behaviour of these ‘symmetric methods’ on random directed

graphs. Since the flat symmetrisation of a random digraph 8 (n, p) is arandom graph
G (n, p) and the asymptotics of p do not differ greatly from those of p, Theorem 1.2
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can be restated immediately for B (X(G)) with the only change being that E[ f;] =
()2, :

Next, we prove that if p = p(n) shrinks too quickly then 81 will vanish for G and
GO, with high probability. This is a special case of the proof given by Kahle (Kahle
(2009), Theorem 2.6). We repeat the proof to illustrate that it can be applied to 81(G),
B1 (é) and, later on, path homology 73) 1(G).

Proposition 2.16 If p = p(n) = o(n~") then, given a random directed graph G ~
—
G (n, p), we have

,,liirolop(ﬂl(é) =0) = lim P(B1(G) =0) = 1. 2.11)

Proof Note that the existence of an undirected cycle in G of length L € [3,n] is a
necessary condition for 1(G) > 0. For each L, by a union bound, the probability of
there being an undirected cycle of length L is at most (1 )~ Hence, the probability that
there is an undirected cycle of any length is at most (n ﬁ)3 /(1 — (np)). The assumption
p= o(n’l) implies that lim,_, o (np) = 0 and hence the bound converges to 0 as
n—oo.

To prove S 1(G) = 0 with high probability, all that remains is to bound probability
of there being an undirected cycle on 2 nodes (i.e. a double edge) in G. The probability
that there is some double edge is at most (g) p* < n?p? which tends to 0 since

p= o(n’l). O

Finally, we investigate conditions under which we expect 81(G) > 0 and 8 ((O}) >
0 with high probability, and determine the growth rate of E[S;] in each situation.
Standard techniques, as employed for the clique complex in Kahle (2009), shows the
following.

Proposition 2.17 If p = p(n) = w(n™") then, given a random directed graph G ~
—_—
G (n, p),

E[B1(G)] ~ (;)ﬁ and E[p1(G)] ~ n(n — )p. (2.12)

Moreover, /31((_7) ~ E[,B](G)] and ﬂ]((o;) ~ E[,B](é)] with high probability and

hence

Jim P(B1(G) > 0) = Jim P(B1(G) > 0) = 1. (2.13)

Proof Denoting the original digraph G = (V, E), we deal with the flat symmetrisation
first. For convenience, we define N; := #E and Ny := #V. Note that E[N;] = ('2’)13
and E[Ny] = n. A standard application of the Euler characteristic shows

N1 — No < B1 < N1 (2.14)
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The assumption p(n) = a)(n’l) yields E[No] = o(E[N1]) and hence E[81] ~ E[N].
Now we show 81 ~ E[B;] with high probability. Since E[8;] ~ E[N;] — oo, by

an application of Chebyshev’s inequality Alon and Spencer (2016), it suffices to show

that Var(81) = o(E[S; 1%). Using the inequalities (2.14) we can (eventually) bound

Var(B1) _ EIFf] —EIATP _ E[N?] - EINi — NoP’
E[Bi1? E[B11? - E[N; — No)? '

(2.15)

Then since N;p is a binomial random variable with mean E[N;] — oo we have
E[N?] ~ E[N;1>. We have already seen that E[N;]*> ~ E[N; — No]* and hence
the bound in (2.15) tends to 0.

Now since 81 ~ E[B1] with high probability and eventually E[81] > O, the final
conclusion 81 > 0 with high probability follows because for any € € (0, 1) we can
eventually bound

P[B1(G) > 0] = P[B1(G) = (1 — ©)E[B1]] — 1. (2.16)

The case for the weak symmetrisation has an identical proof, except that E[#l% ] =
E#E]l=n(n — 1)p. O

3 Path homology of directed graphs
3.1 Definition

Path homology was first introduced by Grigor’yan et al. (2012, 2020). The key concept
behind path homology is that, in order to capture the asymmetry of a digraph, we should
not construct a simplicial complex, but instead a path complex. In a simplicial complex,
one can remove any vertex from a simplex and obtain a new simplex in the complex.
This property may not hold for directed paths in digraphs; if we bypass a vertex in the
middle of a path then we may not obtain a new path. However, we can always remove
the initial or final vertex of a path and obtain a new path. This is the defining property
of a path complex (Grigor’yan et al. (2012), §1).

Path homology can be defined on any path complex but for this paper we focus on
the natural path complex associated to a digraph. Throughout this section we fix a ring
R and a simple digraph G = (V, E).

Definition 3.1 We make the following definitions to classify sequences of vertices in
V:

1. Any sequence vy ...vp of (p + 1) vertices v; € V is an elementary p-path.

2. An elementary path is regular if no two consecutive vertices are the same, i.e.
v; # vij41 for every i. Otherwise, the path is called non-regular or irregular.

3. An elementary path is allowed if subsequent vertices are joined by a directed edge
in the graph, i.e. (v;, vi+1) € E for every i.

Remark 3.2 An allowed path coincides with a combinatorial, directed walk.
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Definition 3.3 The following R-modules are defined to be freely generated by the
generators specified, for p > 0:

Ap = Ap(G; R) := R({vo...vp elementary p-path on V}) 3.1)
Rp :=R,(G; R) := R({vy...vp regular p-pathon V}) (3.2)
Ay == Ap(G: R) := R({vo...v, allowed p-pathin G }) (3.3)

Forp = —1,weletA_j := R_; := A_; := R.Givenanelementary p-pathvg ... vp,
the corresponding generator of A, is denoted ey, ..y, . For convenience, given an edge
T = (a, b) € E(G) we define e; := e, as an alias for the basis element of A;.

We can construct homomorphisms A, — A, for each p.

Definition 3.4 Given p > 0, we can define the non-regular boundary map 9,, : A, —
A p—1 by setting

P
dp(evy.ny) =Y (=Diey 5.0, (34

i=0

where vg ... ¥; ... v, denotes the elementary (p — 1)-path vg . . . v, with the vertex v;
omitted. This defines 9, on a basis of A ,, from which we extend linearly. In the case
p =0, we define dp : A9 — R by

0o (Z avev> = Zav 3.5)

veV veV
which yields an element of R.

Remark 3.5 1. A standard check verifies that 9, 1 09, = 0 (Grigor’yan et al. (2012),
Lemma 2.4) and hence {A ps 0 ,,} forms a chain complex.

2. Since we assume all digraphs are simple, there are no self-loops. Therefore, any
allowed path must be regular and hence

Ap SRy S Ap. (3.6)

In order to incorporate information about paths in the graph we would like a bound-

ary operator between the A ,. However, the boundary of an allowed path may not itself

be allowed, because it involves removing vertices from the middle of paths. To resolve
this, we define a R-module, for each p > 0, called the space of d-invariant p-paths

Qp =GR :={ved, el 1} =400, (A_D. (T

Since 9,100, = 0, we see that 9,(22,,)) € £2,_1. Hence, we can make the following
construction.
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Definition 3.6 The non-regular chain complex is

93 d a1

s Q-2 9 2 o 2 R 20 (3.8)

where each 9, is the restriction of the non-regular boundary map to £2,.

Definition 3.7 The homology of the non-regular chain complex (3.8) is the non-regular
path homology of G. The pth homology group is denoted

ker d,,
im 8p+1 ’

H,(G; R) := (3.9)

The rank of the pth homology group is pth Betti number, denoted ,_3> »(G; R).

When computing €2, one often encounters paths v € A, with irregular summands
in their boundary. For example,

02(eiji) = eji —eji +eij. (3.10)

Since irregular summands are never allowed, these must be cancelled to obtain an
element of €2,,. An alternative construction, which is featured more frequently in the
literature, alters the boundary operator to remove these irregularities.

There is a projection map 7 : A, — R, which sends every irregular path to 0.
This allows us to make the following construction:

Definition 3.8 For each p > 0, the regular boundary operator 8;2 Rp = Rp_11s
defined by

3R

=700, 3.11)

With this new boundary operator we still have the issue that the boundary of an
allowed path may not be allowed. Therefore, we again construct an R-module, for
each p > 0, called the space of dR-invariants p-paths.

QR = QG R) = v e A, |90 e Ay} = A4, N O (Ao,
(3.12)

One can check that, given any irregular path v, either dv = 0 or dv is a sum of irregular
paths (Grigor’yan et al. 2012, Lemma 2.9) and hence

o =mo0dy, 10, =700=0. (3.13)
Definition 3.9 The regular chain complex is

R aR R R R
o Gr O 3] EX IR
L

yQfF 45 o 23 R — 0 (3.14)
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where each 8;,2 is the restriction of the non-regular boundary map to QZ}.

Definition 3.10 The homology of the regular chain complex chain complex is the
regular path homology of G and the kth homology group is denoted

ker 8,?

. R *
imo;T,

HF(G; R) := (3.15)

We denote the Betti numbers for these homology groups by ?kR(G; R).

Remark 3.11 1. If R is also a field, then the homology groups Hj and H, kR are vector

spaces and so fully characterised, up to isomorphism, by ,_B)k and _,3>kR respectively.
2. Since we augment the chain complex with R in dimension —1, this is technically
a reduced homology, but we omit additional notation for simplicity.
3. As noted in (Grigor’yan et al. (2012), §5.1), given a subgraph G’ C G then, for
every p > 0,

Q,(G) € Qp(G) and QK (G) € QK (G). (3.16)

Notation 3.12 When G is clear from context, we shall omit it from notation. If the
coefficient ring R is omitted from notation, assume that R = Z.

Note that the primary difference between the regular and non-regular chain complex
is the boundary operator. The difference between the boundary operators 9, and 8173

affects the difference between the R-modules €2, and QZ}.

3.2 Proof of Theorem 1.5

As an easy first step, we show that, when graph density is too low, it is very unlikely
that there are any long paths within the digraph. Therefore, for large k, A becomes
—

trivial and consequently S x = 0.

Proposition 3.13 Given N € N, if p = p(n) = o(n”"V+tV/N) for some N € N then,
—
given a random directed graph G ~ G (n, p), for all k > N we have

—
Tim P(F1(G)=0) = 1. (3.17)

Proof Note that it suffices to show that P(Ay = {0}) — 1 as n — oo because, if
there are no allowed N-paths, then there are certainly no allowed k-paths. If there are
no allowed k-paths then €2; = {0} and so _,3> r =0.

For Ay to be non-trivial there must be some combinatorial, directed walk of length
N. Equivalently, there must exist a combinatorial, directed cycle or a combinatorial,
directed path of length N (or both).

If p = o(n™ V+D/N) then certainly p = o(n~") and hence, following the proof of
Proposition 2.16, the probability that there is a directed cycle tends to 0 as n — oo.
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A combinatorial, directed path is a sequence of N + 1 distinct nodes, each joined
by an edge in the forward direction. By a union bound, the probability that there exists
such a sequence is at most

<N11>(N+1)!I7N < N+ pN (3.18)

which, by the assumption on p, tends to 0 as n — oo. |

Proof of Theorem 1.5 By Proposition 3.13, it suffices to note that n% = o(n~(N+TD/N)

whenever o < —NTH. O

This theorem is very weak. For example, to obtain ? 1 = O with high probability, we
require p = o(n~2), in which case the expected number of edges in the digraph tends
to 0. The weakness of this result stems from its reliance on the chain of inequalities

—
B« < rank(ker d;) < rank ; < rank Ay. (3.19)

There is likely a region of graph densities wherein one or more of these inequalities is
strict. Hence, in order to obtain stronger results, we require an understanding of €2,
at the very least.

3.3 Chain group generators
Proposition 3.14 (Grigor’yan et al. 2012, §3.3) For any simple digraph G = (V, E),
Q=R =R(V)=Ay and Q =QF =R(E)=A,. (3.20)

Proof Certainly Qo € Ap and ©2; € .4;. Moreover, the boundary of any vertex is just
an element of R = A_; and hence allowed. The boundary of any edge is a sum of
vertices and any vertex is an allowed O-path. Therefore Ay C Qpand A} € Q1. O

We can also see that the non-regular chain complex is a subcomplex of the regular
chain complex, which immediately implies an inequality between the Betti numbers.
This subcomplex relation was first noted by Grigor’yan et al. (2012, Proposition 3.16).

Proposition 3.15 For any simple digraph G, the non-regular chain complex is a sub-
complex of the regular chain complex. In particular, for each p > 0, we have

Q,(G) € QX (G). (3.21)

Proof Supposev € 2),thend,(v) € A, 1. Wehaveseenthat A, | € R,_;.Hence,
if we project d,(v) onto R ,_; via 7, we do not remove any summands. Therefore

(W) =7 (9,(v)) = 3p(v) € Ap_t. (3.22)

Certainly v € A, and hence v € QZ}. Since the two operators, ), and 817,3, agree on
2, the non-regular chain complex is a subcomplex of the regular chain complex. O
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Fig.2 Generators for
Q¥(G: ) as described in

J J k
Proposition 3.17. a A double ® o ) 4
edge. b A directed triangle. ¢ A <\\> / \ T e
long square. The red, dashed line L,

[ o o

i .

must not be present for the third
motif to constitute a long square

Corollary 3.16 For any simple digraph G, ?F(G) < ?1(G).

Proof By Proposition 3.14, the two complexes coincide in dimensions 0 and 1 and
hence rank ker 9; = rank ker 8?. By Proposition 3.15, imd, C im 8;3 and hence
rank im 0> < rank im 8;2. Therefore,

FF(G) = rank ker BIR — rank im 353 < rank ker 9 — rank im 9, = _ﬁ)l(G). (3.23)

]

Note, given a directed edge T = (i, j), 01(e;j) = GF(e,'j) = e; — e;. From this, it
is easy to obtain the characterisation of the lowest Betti number first stated in Sect. 1.

Proof of Theorem 1.3 A standard argument shows that ?0 = (7)3 = #C — 1, where
#C is the number of weakly connected components of the digraph G. Note, #C coin-
cides with the number of connected components of the symmetrisation G. The result
follows by Lemma 2.12 and a standard result due to Erd6s and Rényi (see e.g. Erdés
and Rényi 1960; Kahle 2009). O

Unfortunately, higher chain groups do not enjoy such a concise description. How-
ever, when working with coefficient over Z, it is possible to write down generators for
ng’ in terms of motifs within the digraph G.

Proposition 3.17 (Grigor’yan et al. (2014), Proposition 2.9) Let G be any finite
digraph. Then any o € Q;Z(G; Z) can be represented as a linear combination of
2-paths of the following three types:

1. ejj; withi — j — i (double edges);
2. ejjk withi — j — k and i — k (directed triangles);
3. ejjk — eimk Withi — j — k,i — m — k, i /> kandi # k (long squares).

Remark 3.18 Note that all vertices i, j, k, m in this theorem are distinct, either due to
the existence of an edge (e.g. i — j implies i # j) or explicit statement (e.g. i # k).

The following non-regular corollary follows immediately since, by Proposi-
tion 3.15, 2, € QF.

Corollary 3.19 Let G be any finite digraph. Then any w € Q2 (G; Z) can be represented
as a linear combination of 2-paths of the three types enumerated in Proposition 3.17.
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Fig.3 Linearly dependent long k
squares with source i and sink k

Note that each of the generators in Proposition 3.17 are elements of Q;z and hence
they form a generating set for Q?(G; 7). Note that elements of each type reside in
mutually orthogonal components of A, because they are supported on distinct basis
elements. That is, we can write

Qf=DoToSs (3.24)

where D is freely generated by all double edges ¢;;; in G, and T is freely generated
by all directed triangles e;;; in G. The final component, S, is generated by all long
squares e; i — e;mk in G. However, they may not be linearly independent, for example,
as seen in Fig. 3,

(eijk — eimk) + (eimk — eitk) + (eik — eijk) = 0. (3.25)

Note that double edges are not d-invariant paths, i.e. e;;; ¢ 2. However there are
linear combinations of double edges which do belong to €2,. For example, suppose
i— j—iandi — k — i,thene;;; —e;; € Q. 1tis possible to state a non-regular
version of Proposition 3.17, in which all generators are elements of €2;,. This can be
achieved by replacing double edge generators with such differences of double edges,
which share a common base point. However, we omit this result, as it is not necessary
for our main contribution.

Remark 3.20 1. An alternative approach to computing rank €2, and rank Q;z was
first seen in (Grigor’yan et al. (2012), Proposition 4.2) and is explored further
in Appendix 1.

2. For the interested reader, more results which characterise relations between the €2,
are available in Grigor’yan et al. (2012, 2020).

3. We can use Proposition 3.17 to obtain an intuition for H IR(G; 7). Starting with the

cell complex Co;, glue in a 2-cell for each generator identified by Proposition 3.17

by identifying its boundary with the corresponding motif in G.Then H 1 of this cell
complex coincides with H IR(G; 7). Unfortunately, since we do not have generators
for QZ} for p > 2, developing intuition in higher degrees is much harder.

Example 3.21 For further intuition, we reproduce the example given in (Grigor’yan
etal. (2012), Proposition 4.7) but compute both regular and non-regular path homology.
A cycle graph is a weakly connected digraph, on n > 2, nodes such that each vertex
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has degree 2. Fix a cycle graph G. Then, H lR(G; 7Z) = Z unless G is a double edge,
directed triangle or long square, in which case HIR(G; 7Z) = 0. Whereas, H\(G; Z) =
Z unless G is a directed triangle or long square, in which case H;(G; Z) = 0. For
more examples, please consult Grigor’yan et al. (2012).

4 Asymptotic results for path homology

Intuitively, we expect that the two transitions, identified in Fig. 9, correspond to two
distinct topological phenomena. When density becomes sufficiently large, cycles start
to appear in the graph and ker 91 is non-empty for the first time. Then, when density
becomes too large, boundaries enter into €25 which begin to cancel out all of the
cycles, removing all homology. In the interim period, we expect that the number of
cycles and the number of boundaries is approximately balanced. Therefore, in order
to understand the lower boundary we should study ker d; and in order to understand
the upper boundary we should study im d,. In order to show that ;_8)1 > 0 in the
‘goldilocks’ region we should compare the growth rates of rank ker d; and rank im 95,
or some approximation thereof. Moreover we expect reasonable conditions on p(n)
to be of the form p = o(n%) or p = w(n®) for some «, since conditions of this sort
constrain p(n) relative to straight lines through Fig. 9.

4.1 Proof of Theorem 1.4(1)

In order to characterise the behaviour of _,3)1 when it is non-trivial, we will follow the
approach of Kahle in (2009, §7). The approach is to use the ‘Morse inequalities’. In the
context of a digraph G, denote the ranks of the chain groups by Ny := rank 4 (G; Z)
and N,Z2 := rank QkR(G; 7). Then we have

—
— Ni—1+ N — Nit1 < B < Ng. 4.

and a similar set of inequalities between the N,Z2 and _,8),7} It is usually easier to
compute the rank of chain groups than the rank homology groups. Hence, we use the
limiting behaviour of Nj to investigate the limiting behaviour of g . First we will
need estimates for E[Ng].

—
Lemma 4.1 For a random directed graph G ~ G (n, p) we have the following expec-
tations

E[No] = ]E[Ngz] —n 4.2)
E[N,] = IE[NIR] =n(n—1)p 4.3)
EIN2] < E[NF| < n2p? +wp? 4 n*p*, @.4)
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Proof The first two claims are clear since they count the expected number of nodes and
edges in G, respectively. There is no difference between the regular and non-regular
chain complex in dimensions 0 and 1.

We use Proposition 3.17 to compute bounds for E[NzR] and then the bound on
E[N,] follows immediately because 2, C Q;z (by Proposition 3.15). Since both
orientations of a double edge constitute a distinct basis element of 7%, the expected
number of double edges is n(n — 1) p%, which is bounded above by n? p?. The expected
number of directed triangles is 6(’31) p3, because each subset of 3 vertices can support
6 distinct directed triangles.

Counting linearly independent long squares is more involved. For an upper bound,
note that any subset of 4 vertices can support 12 long squares (not double counting
for the two orientations since they differ by a factor of +1). Each fixed long square
appears with probability p*(1 — p). Therefore an upper bound on the number of
linearly independent long squares is

12<Z)p4<1 —p) <n*ph, 45)

Combining these counts yields the upper bound on E[Nga]. O

Proposition4.2 If G ~ E(n, p) where p = p(n), with p(n) = o(n™") and p(n) =
o(n_2/3), then

E[—No + Ni — No] ~ E[Ny] and hence E[B 1(G)] ~E[Ni].  (4.6)

—
Moreover, the same relations hold between the N ,ZZ and B kR

Proof We prove the non-regular case, but the regular case follows from an identi-
cal argument. Using our expectations from Lemma 4.1, we see E[Ng] = o(E[N{])
because

E[N, |
m Nl i Lo, 4.7)
w200 BN o n(n— Dp oo np

where the final equality follows from the assumption p = w(n~!). Next, note that

EIN 2.2 3.3 4 4
0< tim o2l oy, MPT T knp
n—oo [E[Ni] n—00 nn—1)p

= lim (p + an + n2p3) .
n—o0
(4.8)
The assumption p = o(n~2/3)isequivalentton®3p — Oasn — oo. This s sufficient
to ensure p — 0, np> — 0 and n?p> — 0 asn — oo and so E[N2] = o(E[N;]).

Hence the first relation follows and the latter follows immediately from the Morse
inequalities (4.1). m]
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Remark 4.3 If we choose p = n® to satisfy the hypotheses of Proposition 4.2, then we
must have —1 < o < —2/3 in which case E[N] is of the order nzp = n**2 Then

a+2>1s0 E[_,B)l] — 00 at least linearly as n — oo.

Proposition4.4 If G ~ E(n,p) where p = p(n), with p(n) = w®n™") and
— — — —

p(n) = o(n™23), then B1(G) ~ E[B1(G)] and B T(G) ~ E[B [(G)] with

high probability.

Proof We prove the non-regular case but the regular case follows by an identical

argument. As in Proposition 2.17, it suffices to show that Var(,_B) 1) = o(IE[? 115

We have seen that E[N;] ~ E[—Ny + N; — N»] and certainly E[N{] — oo as
n — oo. Therefore, eventually E[— N + N1 — N2] > 0 so, by the Morse inequalities,
eventually we can bound

—
E[ £ 11* = E[—No + N1 — N2 (4.9)
Moreover, we always have ?% <N 12 so eventually we can bound

Var(F1) _E[BH —E[B P _ E[NF] - El=No+ N1 — NoP’

< 4.10)
E[f ]2 E[f 112 E[No + N1 — N3 2 (

To conclude, it suffices to show ]E[le] ~ E[—-Ny + Ny — Nz]z. By Proposition 4.2,
we know E[—No + Ni — N2> ~ E[N;]%. Then E[N?] ~ E[N,]? because Nj is a
binomial random with mean E[N|] — oo. O

Proof of Theorem 1.4(1) If p(n) = n® for —1 < ¢ < —2/3 then p = w®m™ 1) and
p= o(n=%/3). Moreover, p= w(n~1) is sufficient to ensure E[N;] — ocoasn — oo.
Since Nj is abinomial random variable, thisimplies N1 ~ E[N;] with high probability.
Combining Proposition 4.2 and Proposition 4.4 yields the result. O

4.2 Proof of Theorem 1.4(2)

Having done the work of showing ?1 ~ Nji, showing that _/3)1 > (0 is now an easy
corollary.

Corollary 4.5 If G ~ E;)(n, p) where p = p(n), with p(n) = w(n™") and p(n) =
o(n_2/3), then

1133019(?1((;) ~0) = @;OP(?F(G) ~0)=1. @.11)

Proof As in Proposition 2.17, this follows immediately because ?1 ~ E[?ﬂ and

B ¥ ~ E[ B {*] with high probability and both expectations are eventually positive.
O
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Proof of Theorem 1.4(2) 1f p(n) = n® for —1 < o < —2/3then p = w(n~")and p =
o(n~2/3). Hence, by Corollary 4.5, P[ £ 1(G) > 0] — 1 and P[?F(G) >0] - 1
asn — OQ. O

4.3 Proof of Theorem 1.4(3)

. . - .. . .
Having understood the behaviour of E[ 8 {] in the ‘goldilocks’ region, we turn our
attention to the boundaries of this region. As with the symmetric methods, we expect

that if p is too small then ?1 will vanish due to the lack of cycles.

Proposition4.6 If p = p(n) = o(n™") then, given directed random graphs G ~
—>
G (n, p), we have

Tim P(F 1(G) =0) = lim P(F (G =0)=1. (4.12)

Proof Given a double edge iji, note BzR(e,- ji) = e;j +ej;. Hence, for the regular case,

—
a necessary condition for S F > 0 is that there is some undirected cycle, of length at
least 3, in the digraph. Whereas, for the non-regular case, a necessary condition is that
there is some undirected cycle, of length at least 2, in the digraph. Therefore, the proof

of the regular case is identical to the proof that £ 1(G) = 0 with high probability and

the proof of the non-regular case is identical to the proof that g 1(G) = 0 with high
probability, as seen in Proposition 2.16. O

Proof of Theorem 1.4(3) Assumithat pn) =n“ Ifa < —_l)then p = on~ ') and
hence, by Proposition 4.6, P( 8 1(G) = 0) — 1 and P(8 F(G) =0 — 1as
n— oo. O

4.4 Proof of Theorem 1.4(4)

For the previous subsection we chose p small enough to ensure that it is highly likely
that ker 91 is empty. We also observe ? 1 vanishing for larger values of p. In these
regimes ker 01 is likely non-empty but all cycles are cancelled out by boundaries. Put
another way, we wish to show that, when p is large, every cycle w € ker d; can be
shown to satisfy

w=0 (mod im 0,). 4.13)

The strategy is to find conditions under which cycles supported on many vertices
can be reduced down to cycles supported on just 3 vertices, and then show that small
cycles can be reduced to 0. For this subsection, we will prove that IP[_,B) 1(G)=0]—>1
which then implies, by Corollary 3.16, that P[F}R(G) = 0] - 1, as n — oo. First,
we need to ensure that we can choose a basis for ker d; which will be amenable to our
reduction strategy.
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Definition 4.7 Given an element w € 221(G), we can write w in terms of the standard
basis

w= Z oer. (4.14)

1. We define the support of v to be
supp(w) :={t € E | oy # 0}. (4.15)

2. We call w a fundamental cycle if v € kerdy, oy € {1} foreach t € E, and
supp(w) forms a combinatorial, undirected cycle in G.

Lemma 4.8 Given a simple digraph, ker 01 has a basis of fundamental cycles in G.

Proof Take an undirected spanning forest 7' for G, i.e. a subgraph of T in which every
two vertices in the same weakly connected component of G can be joined by a unique
undirected path through 7'. One can check that 9 : Q21(T; R) — Qo(T; R) has trivial
kernel, since there are no undirected cycles in 7.

Given an edge outside the forest t = (a,b) € E(G) \ E(T), there is a unique
undirected path p through 7 which joins the endpoints of 7:

p=(a=vy,11,V1,..., Th—1, Vk—1, Th» b = vg). (4.16)

for some v; € V(G), 1; € E(G). Define

4.17)

o 1=

{1 if; = (vi—1, vy)

=1 if 5 = (vi, vi—1)

and note that

k
9 (e, — Zaiefl.) =0. (4.18)
i=1

Hence b; := e; — ZLI a;er; € ker 01. Note that b; is a fundamental cycle.
The set B := {b; | T € E(G) \ E(T)} is linearly independent because, given b, €
B, no other b, € B involves the basis element e; of ©2;. Note, we can write

Q) = R({e: | T € E(T)}) ® R(B). (4.19)

Since there are no cycles in the spanning forest T, the kernel of 91 on the first component
is trivial. Therefore, rank ker d; < #B and hence B spans ker 0;. O

Now we can describe the strategy by which systematically reduce long fundamental
cycles into smaller ones. We design a combinatorial condition on a directed graph
which is more likely to occur at higher densities.
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Vo
V1 V2 V1 U2 ® () V1
N 90 o e
Vo @ ;2@ U3 Vo @ %]
()
\\’J/,// \\J‘L‘// /{
[ ° ° ) )
K K U1 V2 K
(a) (b) (c) (d)

Fig.4 a, b Directed centres for undirected paths of length 3. The blue, dashed edges constitute Jy . ¢ A
cycle centre for a 3-cycle. d A cycle centre for a 2-cycle

Definition 4.9 1. An undirected path ¢ C G, on vertices (vy, ..., Ug), is said to be
reducible if there is some shortcut edge, e = (v;, v;), with |[i — j| > 1 such that

,_3) 1(0 Ue) = 0. If a path is not reducible then it is called irreducible.
2. Given an undirected path ¢ € G of length 3, on vertices (vg, v, v2, v3), and a
vertex k € V(G) \ V(o0), define the linking set

Jox :={e € E(G) | e = (vi,k)ore = (k, v;) for some i}. (4.20)

Such a vertex, «, is called a directed centre for o if there is some subset of linking
edges J' C J, such that ?1 (0 UJ’) = 0and o UJ’ contains an undirected path,
of length 2, on the vertices (vg, &, v3).

3. A cycle centre for adirected cycle of length k, on vertices (vo, . . ., Vk—1), iS a vertex
k € V(G) \ {vo, ..., vk—1} such that (k,v;) € E(G) foralli =0,...,k—1or
(vi, k) € E(G) for all ;.

In the following examples, we demonstrate the utility of directed centres.
Example 4.10 Figure 5 shows four examples of the reduction strategy described by
Lemma 4.11. For illustration, we describe these reductions in more detail below.

1. In Fig. 5a, the initial undirected path of length 3 has a directed centre x which does
not coincide with a vertex in the rest of the cycle. Therefore, we can write

[evovl + evlvz - ev3v2] + €v3v4 - ev5v4 - ev6v5 + eU6U7 + ev7v0

= [evoK + ekvg] + vz — €vsvy — Cugus T Euguy T vy (mod im 93).
4.21)

2. In Fig. 5b, the path has a directed centre k = vs. Replacing the initial path with
the smaller path, via the directed centre, yields a sum of two fundamental cycles:

[evovl + eyv, — euy)z] + evsvy — Cusug — Cugus T Cuguy T Curyg
= [ev()/c + eKU3] + €vyus — Cusvy — Cugus T Cuguy T €y (mod im ;)

= [ev()vs - ev6v5 + eU6U7 + ev7v0] + [ev5v3 + ev3v4 - ev5v4] (mOd im 82)
(4.22)
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Fig.5 Examples of the
reductions used in Lemma 4.11
which are explained in greater
depth in Example 4.10. Black,
solid edges indicate the initial
cycle. Blue, dash-dotted edges
are new edges in the reduced
cycle. Red, dashed edges are
those removed in the reduced
cycle. Green, dotted edges must
be present in order to do the
illustrated reduction. Square
nodes symbolise directed centres
for the undirected path

(vo, v1, V2, v3).

V1 U1
v (%)
®- _ o- _
S L A T
V0 @ @ U3 Vo @ ® s
N 7 N /
Ay~ R
p ® U4 “ ;@ V4
V7 @ v7 @ . /
\ \ Suy _
o—® o— W U5 =K
vg U5 Vg
(a) (b)
V1 U1
/7.\ ~ /7.\ ~
7 Vg vy Lo Ye v
Yo @ B¢ Vo @= - W
3 |
\ |
\ |
\ @ U3 ® U3
U5 @ \ , Vs @.
\,}J.L/ \.
V4 =K V4
(c) (d)

3. In Fig. 5c, the path has a directed centre k = v4. Replacing the initial path
(vo, v1, v2, v3) with the smaller path (v, k, v3) yields a much smaller support
since the edge (v3, v4) gets cancelled out:

[evovl + evlvz - ev3v2] + ev3v4 - ev5v4 - ev0v5
= [evol( - evy(] + ey — €vsvs — €vgus (mod im 9)

= €yguy — Cusuy — €ygus (Mod im 7). (4.23)

4. Finally, in Fig. 5d, the initial path is reducible via the shortcut edge (v, v2) and

hence

[evovl + eyv, — evgvz] + ev3vy — €vsvy — €ugus
= [evovz - ev3v2] + ev3vy — Cusuy — Cygus (mod im 95). (4.24)

These examples tell the story of each case in the following lemma, in which we
confirm that the presence of directed centres allows us to systematically reduce fun-

damental cycles.

Lemma 4.11 For any simple digraph G, suppose every irreducible, undirected path of
length 3 has a directed centre. Given a fundamental cycle @ € ker a1 with # supp(w) =
k > 4, there exists fundamental cycles @, w> € Ker 01 such that

w=w]+wy (mod im d;) (4.25)

with # supp(@1) + # supp(@z) < k — 1 and, potentially, one or more @; = 0.
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Proof Since v is a fundamental cycle, it is supported on some combinatorial, undirected
cycle

o = (vo, T1, V1, .., Vk—1, Tk, Vg = Vo). (4.26)

for some v; € V and t; € E ordered such that

k
o= Zoziefi (4.27)
i=1
where
o o= |1 iE =) (4.28)
=1 if; = (vi, vi-1)
Since k > 4, the vertices (vg, ..., v3) are distinct and, along with the edges

71, T2, T3, form an undirected path of length 3. Either this is reducible via some short-
cut edge T € E, or there exists a directed centre « € V. In either case, there is some
undirected path, from vy to v3, of length at most 2. This path is represented by some
n' € Q with coefficients in {£1}, such that 9;n’ = e,, — e,, and #suppn’ < 2.
Since both 1" and n := Z?:l e, are supported on undirected paths from vy to
v3, we have 01 (n — n’) = 0. Since supp(n) € E(G’) and supp(n’) € E(G’) for some

subgraph G’ C G with _,3) 1(G") = 0 (either due to reducibility or a directed centre),
there is some u € ,(G) such that d,u = n — n’. Therefore we can replace the initial
undirected path of length 3, in v, with an undirected path of length at most 2, i.e

k
o=n+ Zaie,,. =:@ (mod im d;). (4.29)
i=4

Certainly # supp(@) <2+ (k — 3) < 3 4+ (k — 3) = # supp(w) so @ has a strictly
smaller support. It remains to prove that @ can be decomposed into a sum of at most
two fundamental cycles. In the case that the path has a directed centre «, we split into
two further sub-cases.

Case 1.1: If ¥ # v; for any i, supp(w) and supp(n’) are disjoint so all coefficients of @
are still £1. Moreover, since « is distinct from the vertices of p, replacing (vo, ..., v3)
with (vg, &, v3) certainly yields an undirected cycle in G.

Case 1.2: If « = v; for some i € {0, ...,k — 1} then there are number of possible
sub-cases. If supp(w) N supp(n’) = @ then all coefficients of @ are still +1. However,
the replacement procedure has the effect of pinching supp(@) into two edge-disjoint,
undirected cycles, which share a vertex at k. Hence, we can easily decompose @ into
a sum of two fundamental cycles @ and @;, supported on each of these underlying
cycles.
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If the intersection is non-empty, then supp(w) N supp(n’) < {74, Tk}, so there are
at most two offending edges. Moreover, in order to attain d; (n — n’) = 0 these edges
must appear with opposite signs in w and 1’ respectively. If there are two offending
edges then we must have 4 = k — 1 and the replacements procedure yields @ = 0. If
there is only one offending edge then this edge is no longer contained in supp(w) and
the length of the underlying undirected cycle is further reduced.

Case 2: If the path was reducible, in most cases supp(w) and supp(n’) are disjoint
and the replacement process simply removes one or two vertices from the undirected
cycle. The only remaining case is if K = 4 and supp(w) N supp(n’) = {tx}, in which
case the replacement procedure yields @ = 0. O

Once we have reduced large cycles into smaller ones, we need conditions to ensure
that the resulting small cycles are themselves homologous to zero.

Lemma 4.12 Given a fundamental cycle w € ker 01 such that supp(w) is a directed
cycle of length k, if supp(w) has a cycle centre k € V then

w=0 (mod imdy). (4.30)
Proof For some vertices vy, ..., vg—1 € V and edges 11, ..., 7% € E we can write
the underlying cycle as
0= Vo, T1, -+, Vk—1, Tk, V0) (4.31)
so that
k—1
w==%) e (4.32)
‘0

Since « is a cycle centre, either y; 1= e,y;v;,, € Q2 foreveryiory; := ey, 1« € 202
for every i (identifying vy = vp). In either case, by a telescoping sum argument,

k—1 k—1
9 (Z y,-> => er. (4.33)
i=0 i=0

After adjusting for a factor of %1, this concludes the proof. O

Piecing these lemmas together, gives us a topological condition, which implies
—
B 1(G) = 0, and which is likely to occur in high density graphs.

Proposition 4.13 For any simple digraph G, if every irreducible, undirected path of
length 3 has a directed centre, and every directed cycle of length 2 or 3 has a cycle

centre, then ?1(G) = 0and FF(G) =0.

Proof We prove the non-regular case from which the regular case immediately follows
by Corollary 3.16.
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Fix a basis {wi,...,wr} of fundamental cycles for ker d;, as described by
Lemma 4.8. Choose an arbitrary i € {l,...,k} It suffices to show that w; = 0
(mod im dy). By Lemma4.11, we can reduce each w; to a sum of fundamental cycles

ki
w; = 5),"]' (mod im 0,) (4.34)
=

with # supp @; ; < 3 for each j.

If supp(@;, ) is a directed triangle then @; ; is the boundary of the corresponding
basis element in Q; hence @; ; = 0 (mod im 0;). Otherwise, supp(®;, ;) must be a
directed cycle or length 2 or 3. In either case, the support has a cycle centre and hence,
by Lemma 4.12, @; ; =0 (mod im 0;). Therefore w; = 0 (mod im 95). O

Remark 4.14 Every double edge (i, j), (j, i) € E appears as an allowed 2-path in Q;z
and BIR(e,- ji) = ej; + e;;. Therefore, the requirement that every cycle of length 2 has

. . -
a cycle centre is not strictly necessary to ensure S F(G) =0.

Definition 4.15 For each n € N, the complete directed graph on n-nodes, K, is
defined by

V(Kn) ={1,2,....n}, EKp):={G J)|i#]j}. (4.35)

Moreover, we define the following collection of subgraphs contained within K,,:

1. Pj := {subgraphs o C K, | o is an undirected path of length 3};
2. Foreach k > 2, C/ := {subgraphs o C K, | o is a directed cycle of length k}.

Given a random graph G ~ G (n, p), we define the following events:

foro € P3" oro € C,’j for some k > 2, S, is the event that ¢ is a subgraph of G;
for o € P3', I, is the event that o is irreducible in the graph G U o;

foro € P3”, Aq . 1s the event that « is a directed centre for o in the graph G U o
foro € C ,’: for some k > 2, By is the event that « is a cycle centre for o in the
graph G Uo.

b

Remark 4.16 Forafixedo € P3",the events Sy, I and A,  foreveryx € V(G)\V (o)
are mutually independent. For a fixedo € C /? for some k > 2, the events S, and By
for every k € V(G) \ V(o) are mutually independent.
ees —= _ _ -1/3
Proposition4.17 If G ~ G (n, p), where p = p(h) = w ((n/ log(n)) ), then
lim P(B 1(G) =0) = lim P(BR(G) =0) = 1. (4.36)
n—oo n—o0

Proof By Proposition 4.13, it suffices to show that the probability that there exists an
irreducible, undirected path of length 3 without directed centre, or a cycle of length
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2 or 3 without directed centre, tends to 0 as n — oo. The probability that there is an
irreducible, undirected path of length 3 without a directed centre is at most

P[Ss]-Pll,]-P Ag i€ . (4.37)
2 A

oePy keV(G)\V (o)

Because the events {AG,K |k € V(G)\ V(O’)} are independent, IP’[OKAJ,,(C] =
[T.(1 — P[As]). Note that #P} = (};)4!2%. This count arises because an undi-
rected path of length 3 is determined by a choice of 4 nodes, an order on the nodes
and a choice of orientation on each edge. However, this counts each path twice: once
in each direction. Also, each path arises in G with probability P[S,] = p* and clearly
Pll;] < L.

Foreach o € P§ and k € V(G) \ V(0), there is at least one choice of 3 directed
edges, from « to the vertices of the path, which forms a directed centre. Namely, label
the vertices of o by (vo, . .., v3). Then we can always choose an edge between « and
vo and another edge between k and v, so that there is a long square on {«, vg, v1, v2}, as
illustrated in Fig. 4. The third edge can then be chosen to ensure that there is a directed
triangle on {x, v, v3}. If these three edges are present in G, they constitute J' C Jy
with the properties required to form a directed centre and hence ]P’[AG,K] > pl.
Therefore we can bound the probability (4.37) further by

<Z>4! 221)3[1 - p3:|n_4 < 4n*p3exp (—p3(n - 4)) : (4.38)

We wish to show that this bound tends to 0 as n — oo. Since p < 1, it suffices
to show lim,,_ oo n* exp(—p3n) = 0. By Lemma 4.18, the condition on p ensures
that lim,,—, o0 (4 log(n) — p3n) = —o00. By the continuity of the exponential function,
lim,,_, oo n* exp(—pn) = 0.

Note #C} = (3) and #C} = 2(3). By another union bound, we see that the
probability that there is a directed cycle, of length 2, without cycle centre, is at most

. n 2n—4
dofess1- [T PBes] =(2)p2[1—p2]” . (439
geCy keV(G)\V (o)

Similarly, the probability that there is a directed cycle, of length 3, without cycle centre
is at most

2(2) P - e (4.40)

Again, by Lemma 4.18, the condition on p suffices to ensure that these two bounds
alsotend to 0 as n — oo. |
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Lemma4.18 Givenk € Nogand A, B > 0, if p = o ((n/log(n)) /%) then

lim (A log(n) — Bnp*) = —cc. (4.41)
n—o0
k
Proof The condition on p is equivalent to lim, 1ong% = oo, which implies
(A%—B)—)—Bandnpkaooasnaoo. ]

Proof of Theorem 1.4(4) Assume that p(n) = n®. If « > —1/3 then an application
of L’Hopital’s rule shows p = w ((n/ 1og(n))_1/3) and hence, by Proposition 4.17,

IED(FI(G) =0) — land IP’(,T‘;F(G) =0)— lasn — oo. m]

Remark 4.19 Lemma 4.18 reveals the origin of the ratio 1/3, which appears in Theo-
rem 1.4(4) and Proposition 4.17. In particular, it arises as the ratio between the power
of n and the power of p inside the exponential of equation (4.38). The power of n is 1
because there are on the order of n! possible directed centres for an undirected path of
length 3. The power of p is 3 because we require at least 3 edges from « to the path,
in order for « to form a directed centre. In Lemma A.7, we will see that this is indeed
the minimal number of edges required to form a directed centre.

The bounds used in the proof of Proposition 4.17 are by no means the best possible.
Indeed, by splitting P% into four isomorphism classes, it is possible to get exact values
for P[1,] and ]P’[AU,K . We explore this further in Appendix 1 in order to obtain tighter
bounds, useful for hypothesis testing.

Moreover, the topological condition for Fl (G) = 0 presented in Proposition 4.13
was chosen since it is likely to occur at high densities. However, there may (and
indeed probably does) exist weaker topological conditions which imply ,_3) 1(G)=0
and occur at somewhat lower densities. This could potentially allow for a weaker
hypothesis on Proposition 4.17. In order to conjecture the weakest possible hypothesis,
we conduct a number of experiments in Appendix B.

5 Directed flag complex of random directed graphs

For comparative purposes, we now apply the techniques of Sect. 4 to the directed flag
complex, which features more readily in the literature.

Definition 5.1 (Liitgehetmann et al. 2020, Definition 2.2) An ordered simplicial com-
plex on a vertex set V is a collection of ordered subsets of V, which is closed under
taking non-empty, ordered subsets (with the induced order). A subset in the collection
consisting of (k + 1) vertices is called a k-simplex.

Definition 5.2 (Liitgehetmann et al. 2020, Definition 2.3) Given a directed graph G =
(V, E),

1. a directed (k + 1)-clique is a (k 4+ 1)-tuple of distinct vertices (vo, ..., vx) such
that (v;, v;) € E wheneveri < j;
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2. the directed flag complex, 7() (G), (often denoted dF1(G)) is an ordered simplicial
complex, whose k-simplicies are the directed (k + 1)-cliques.

Given aring R, the directed flag chain complex is {Yk(G), Ok Jk>—1 where, fork > 0,
Xx(G):= Xx(G; R) := R{{(vo, ..., vr) | directed (k 4+ 1)-clique in G}), (5.1)

k
A (eqwy....v) = (=1 €(uy....1..v0)- (5.2)
i=0

where (vo, ..., ¥, ..., vg) denotes the directed k-clique (v, ..., vy) with the vertex
v; removed. This defines dx on a basis of X x(G), from which we extend linearly. We
also define X _ 1(G) = R and 9dp simply sums the coefficients in the standard basis,
as in equation (3.5).

The homology of this chain complex is the directed flag complex homology. The

—
Betti numbers are denoted B ( X (G)). When the coefficient ring R is omitted from
notation, assume R = Z.

Firstly, as with path homology, ,30(7() (G)) captures the weak connectivity of a
digraph G and hence Theorem 1.3 also holds for the directed flag complex. Next,
since we have an explicit list of generators for 7() x(G), and they are easy to count, we
can calculate the expected rank of the chain groups in every dimension. As before, we
denote the ranks of chain groups as Ny := rank 7() +(G) and use these to estimate the
Betti numbers.

—
Lemma 5.3 Foran Erdds—Rényi directed random graph G ~ G (n, p), foranyk > 0
we have

IE[Nk]:< " l)(k+1)!p(k5])- (5:3)

k +

Proof A possible directed clique is uniquely determined by an ordered (k + 1)-tuple
of distinct vertices. Therefore, there are (kil)(k + 1)! possible cliques. For a given
clique to be present, one edge must be present in G for every pair of distinct nodes. O

Using the Morse inequalities as before, this allows us to compute the growth rate
of the expected Betti numbers, under suitable conditions on p = p(n).

Proposition5.4 Fork >0, if G ~ 6)(n, p) where p = p(n), with p(n) = w(n=1/%)
and p(n) = o(n="%*+D) then

—
E[=Ni—1 + N — Niy1] ~ E[Ni]  and hence E[Br (X (G))] ~ E[Ni]. (5.4)
Proof 1t is easy to check that

E[Nk_l]_ 1 —k 1
ENG -kt T upk ©-)
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which tends to O thanks to the condition p(n) = w(n~'/%). It follows that
E[Nit1]/Elni] ~ np*™' which tends to O thanks to the condition p(n) =

o(n~1/%+D) As in Proposition 4.2, the result then follows by the Morse inequali-
ties. O

Proposition 5.5 I G ~ G (n, p) where p = p(n), with p(n) = &(n~") and p(n) =
o(n=172), then B1(X (G)) ~ E[B1( X (G)] with high probability.

Proof The proof is identical to Proposition 4.4 except we only need p(n) = o(n~'/?)
to ensure E[— Ny + N; — N2] ~ E[Nq]. O

Corollary 5.6 If G ~ 6(71, p) where p = p(n), with p(n) = w®n~") and p(n) =
o(n~12), then

—_
Jim P(B1(X (G)) > 0) = 1. (5.6)

Proof The proof is identical to Corollary 4.5 expect again we only require p(n) =
o(n~Y?%) to invoke Proposition 5.5. O

As with path homology, degree 1 homology appears in the directed flag complex
with the appearance of undirected cycles in the underlying digraph. Therefore, the

same conditions show that /31(7() (G)) = 0 with high probability, when p = p(n)
shrinks too quickly.

Proposition 5.7 If p = p(n) = o(n™') then, given a random directed graph G ~
%
G (n, p), we have

lim P(81(X (G)) = 0) = 1. (5.7)
n— o0
Proof The proof is identical to the non-regular case of Proposition 4.6. O

The techniques from Sect. 4.4 can be applied, mutatis mutandis, to show 81 (G) = 0
with high probability, when p = p(n) shrinks too slowly.

%
Proposition 5.8 [f G ~ G (n, p), where p = p(n) = o ((n/log(n)) /%), then
lim P(81(X (G) =0) =1. (5.8)

Proof This follows from the same argument as Proposition 4.17. The only difference
is that a directed centre for an undirected path of length 3 requires at least 4 edges, in
order to form 3 directed cliques. This results in the ratio 1/4 instead of 1/3. O

As in the earlier sections, the results obtain here suffice to prove the summary result,
Theorem 1.6, presented in the introduction.
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6 Discussion

We have identified asymptotic conditions on p = p(n) which ensure that a random
directed graph G ~ 6(71, p) has ?1 (G) > 0 with high probability. Moreover, under
these conditions we showed that E[,_6> 1(G)] ~ n(n—1) p. Beneath the lower boundary
of this positive region, we showed that _,8) 1(G) = 0 with high probability. Immedi-
ately after the upper boundary of the positive _ﬁ) 1 range, our theory is inconclusive,

but experimental results (shown in Appendix B) provide evidence that F 1(G) =0
with high probability. Further away from the positive region, e.g. when p = n® for
a > —1/3, our theory again guarantees that 8 ;(G) = 0 with high probability. For
comparison, we applied these techniques to the directed flag complex and found sim-
ilar results, with minor changes to the gradient of the boundary lines. We summarise
these results, along with similar results for ‘symmetric methods’ in Table 1.

These results, along with known results for the clique complex of a random undi-
rected graph, motivate the following research directions:

1. Tighter upper boundary — Experimental results, in Appendix 1, indicate that the
conditionw > —1/3 of Theorem 1.4 could be weakened significantly, potentially as
far as @ > —2/3. Indeed this is the best possible result because 79)1 > ( with high
probability for —1 < o < —2/3. We saw how the ratio 1/3 arose from our proof
in Remark 4.19, which informs how we might improve this result. Generalising a
directed centre to be a set of k > 1 nodes, with suitable conditions, might yield
better results since there are on the order of n* set of k nodes. Howeyver, this would
complicate the probability bound because two directed centres would no longer be

Table 1 Given a random directed graphs G ~ 8(11, p), assuming p = n%, we record the known regions
of o for which various homologies are either positive, or zero, with high probability

Homology Expected growth Positive region («) Zero region ()

Symmetric methods

B1(G) n(n —1)p (~1,0] (—o00, —1)

B1(G) %) p (-1,0] (=00, =1)

B1X(G)) ()p (=1,-1/2) (=00, —=1) U (=1/2,0]
— k+1

B (X(G)), k > 1 (")) (—%,—ﬁ) (—oo,—%)U(—ﬁ,O]

Directed methods

B1(X (G)) n(n —1)p (—1,-1/2) (=00, —1) U (=1/4,0]

B16) n(n—p (—1,-2/3) (—00, 1) U (~1/3,0]

BRG) n(n —1)p (—1,-2/3) (=00, 1) U (=1/3,0]

B k>1 2 2 (foo, ’%1)

BRG).k>1 ? ? (o0, K£1)

Moreover, we describe the growth rate of the expected Betti numbers, in the respective positive regions. That
is, for Betti number 8, we give a function f (n) such that, when « is in the positive region, E[8(G)] ~ f(n)
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independent. Alternative approaches may include finding a cover of the random
graph which can be used to show that the digraph is contractible via path homotopy
Grigor’yan et al. (2014).

2. Higher degrees — So far we only have weak guarantees for the behaviour of ,Tg)k
for k > 1. One potential avenue for improvement is to find conditions under which

P[Q; = {0}] — 1 asn — oo. In order to get better results for vanishing ?k at
small p, we require a greater understanding of generators of ker d;. In order to
get better results at large p, we need a high-density, topological condition which
implies that these generators can be reduced to 0 (mod im dg41).

3. Distributional results—One direction of research is to show that normalised FI
converges to a normal distribution as n — oco. More evidence for this conjecture
is given in Appendix 1. This could be done, for example, by Stein’s method Chen
et al. (2011), as is done by Kahle and Meckes (2013) for 81 (X(G(n, p))).
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Appendix A: Explicit probability bounds

The results presented in Sect. 4 provide a broad-stroke, qualitative description of the

behaviour of B | on random directed graphs. However, they provide no guarantees for
a digraph of a fixed size, such as those arising in applications. For hypothesis testing,
—

it is desirable to have explicit bounds on the P[ § 1(G) > 0] and ]P’[/_8> 1(G) = 0] for

G ~ 6(}1, p), given n and p. In this section, we describe such bounds arising from
the proofs in Sect. 4 and improve on them where possible.
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A.1 Positive Betti numbers at low densities

First we refine the bound developed in Proposition 4.6, in order to show that it is
—
unlikely to observe g 1(G) > 0 when graph density is low.

—
Theorem A1 If G ~ G (n, p) then

n

— n\ L! L
P[£1(6) > 0] 52<L>i(2p) : (A1)

The same bound holds for P[ 81 (7() (G)) > 0]. The same bound holds for P[?F(G) >
0] after removing the L = 2 term.

Proof We start with the non-regular and directed flag complex case. We follow the
same argument as the proof of Proposition 4.6 but make more accurate estimates. A
sufficient condition for both ﬁ) 1(G) = 0and B (7() (G)) is that there are no undirected
cycles of any length 2 < L < n in G. For each L, there are

n\L!_;
(L)iz (A2)

possible undirected cycles. This is because an undirected cycle can be determined by
a choice of L vertices, an order on those vertices, and a choice of orientation for each
edge. However, this over-counts, by a factor of 2L, since we could traverse the cycle in
either direction and start at any vertex. Each cycle of length L appears with probability
p* so a union bound yields the result.

For regular path homology, the only undirected cycles of length 2 are double edges,
which are boundaries in the regular path complex. Therefore we can remove the L = 2

term from the bound. O

The region of parameter space in which this theorem applies is illustrated in Fig. 6a.
For each n, we plot pf (n), the maximum value such that for all p < pl’ (n), Proposi-

tion A.1 implies that P[ 8 1(G) > 0] < 0.05.

A.2 Zero Betti numbers

In order to obtain the best possible estimate, following the second moment method of
Corollary 4.5, we need an exact value for E[rank €2,]. We reproduce the approach of
(Grigor’yan et al. (2012), Proposition 4.2), making the necessary alterations for the
non-regular case. The approach is to determine the number of linearly independent
conditions required to describe €2, as a subspace of A;.

Definition A.2 Given a directed graph G = (V, E),

1. a semi-edge is an ordered pair of distinct vertices (i, k) € V2, i # k such that
i /> k but there is some other vertex j € V, j # i,k such thati — j — k;
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2. a semi-vertex is a vertex i € V such that there is some other vertex j € V, j # i
such thati — j — i.

We denote the set of all semi-edges by Sk and all semi-vertices by Sy .
—
LemmaA3 IfG ~ G (n, p) then
Elrank 2(G; 2)] = n(n — 12p? = n(n = (1 = p)[1 = (1 = p2)" ]
—n [1 — (- pz)"‘l] (A3)
-2
E[rank QR (G; Z)] —n(n—1)2p? —nm — 1)1 — p) [1 —a-pY ] (A4)

Proof First we deal with the non-regular case. Given v € A;, then v € € if and only
if v € Aj. Let A; denote the set of all allowed 2-paths in G, then we can write

V= Z vi~ikeijk (AS)
ijkeAy
so that
v = Z vk (e ik — e + ei)). (A6)
ijkeAy

Since ijk is allowed, so too are ij and jk. Therefore

v = — Z Ve (mod Ay). (A7)
ijke€As

Now we split off terms corresponding to double edges

v = — Z vijkeik — Z vijiei,' (mod .Al) (AS)
ijkeAr ijicAr
i#k

Note ii is never an allowed 1-path. However, for i # k, ik is an allowed 1-path if
i — k, so we can remove these summands

w=— Y v — Y viie; (mod Ap). (A9)
ijkeA, ijicAr
i#k,iAk

Therefore, dv € A; if and only if for each (i, k) € V2 with i *kandi A k

> Wik =0 (A10)

JjrijkeAr
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and foreachi e V

> W= (A11)

jrijicAs

Some of the indexing sets of these summations may be empty and hence some of
these conditions may be trivial. The remaining conditions are linearly independent
and hence it remains to count the number of non-trivial equations. Equation (A10) is
non-trivial if and only if (i, k) is a semi-edge and equation (A11) is non-trivial if and
only if i is a semi-vertex. Therefore

rank Q» = rank A, — #Sg — #Sy. (A12)
Taking expectations
E[rank A>] = n(n — 1)?p?, (A13)
E[#Sg] = n(n — D1 = p) [1= (1= p)" [, (Al4)
E[#Sy] = n [1 — (- pz)""] (A15)

which concludes the non-regular case.
For the regular case, note that equation (A9) becomes

BRU = — Z vijke‘l'k (mod Al) (A16)
ijkeAs
ik, ik

since the e;; terms are removed by the projection. Hence all the semi-vertex conditions
of equation (A11) are removed. O

TheoremA4 IfG ~ E)(n, p) then

— max (0, —n +n(n — 1) p — E[N])?
P[ﬂl(G) >0] = = Dp(L— p) + n2(n — 1722 A

where

E[N2] = n(n = 12p? = n(n = (A = p) [1= (1 = p2)" ]

—n [1 (- pz)”‘l] . (A18)

Proof In theory, we could track back the bound from the theorems invoked by Corol-
%
lary 4.5. Instead we use a more direct bound. Since f 1(G) is a non-negative random

@ Springer



T. Chaplin

variable, an application of the Cauchy-Schwarz inequality to ]E[,_3)11l31>0] gives

E[ f1(G)]?
PG = 0> BLEAOL (A19)
E[81(G)*]
Employing the Morse inequalities again, we see
- max (0, E[—No + N — N3])?
Pl f1(G) > 0] = (A20)
[7re=0) el

where Ny := rank Q4 (G; Z). We obtain the numerator using the expectations for Ny
and N; from Lemma 4.1 and the expectation of N from Lemma A.3. Then N is a
binomial random variable on n(n — 1) trials, each with independent probability p, and
hence the second moment is

E[N?] =ntn = Dp(1 = p) + (1 — 12p? (A21)

which concludes the proof. O

Remark A.5 Letting Ny denote the rank of the kt/ chain group in each of the respective
chain complexes, it is quick to see that N is the same random variable across all
complexes. In order to obtain an analogous theorem to bound ]P’[T%)F(G) > 0] one
need simply replace E[N,] with the computation of E[rank Q;z] from Lemma A.3.
To obtain a result for the directed flag complex, one can use the expectations from
Lemma 5.3.

Unfortunately, this bound is not useful for practical applications. In Fig. 6b we
plot the minimum value of this bound over all p € [0, 1], for a range of n. Note that
the bound does not reach a significance level of 0.1, at any p, until approximately
n = 7.4 x 103 and does not reach a significance level of 0.05 until approximately
n = 1.2 x 107. At these large graph sizes, computing F 1(G) is infeasible and hence
this bound serves no practical use.

A.3 Positive Betti numbers at high densities

Finally, we tackle bounding P[? 1(G) > 0] when graph density is large. In order
to improve upon the naive bound available from Proposition 4.17, we provide more
avenues for reducing long paths into shorter ones. Specifically, we will obtain better
bounds on P[] and ]P’[AU, KC]. This will not effect the asymptotic behaviour of the
bound, but may provide a substantially lower bound, at a fixed n and p.

In order to achieve this, we must partition P_q’f, the set of all possible undirected
paths of length 3, on an n-node graph. Every undirected path of length 3 is uniquely
determined by a choice of 4 distinct nodes in the graph, an ordering on these nodes
(vo, v1, V2, v3), and a choice of orientation for the edges joining {vg, v1} and {v2, v3}.
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Fig. 6 a If (n, p) falls beneath the line p[’ (n) then Theorem A.1 implies IP(T‘I)[ (6 (n, p)) > 0) < 0.05.

Both axes are linearly scaled. b For n € [104, 1.5 x 107], we plot the minimum value of the bound of
Theorem A.4 for p € [0, 1]. Both axes are logarithmically scaled

(%} V2 U1 V2 U1
o——0 °—0 °—
N Y
// \\ // N /7 \\ /7 \\J
V) @ eU3s VWe---5eU3 Ve --5eU3s U e ® U3

(a) (b) (c) (d)

Fig. 7 The four possible ‘3-path motifs’ which partition P}, shown with black edges. From left to right
we see the edge orientations for o belonging to P3' (), P, P', and P35 respectively. Dashed, red edges
indicate edges which must not be present for the path to be considered irreducible

The edge joining the middle two nodes is assumed to be ‘forward’, i.e. via (vy, v2), so
as to avoid double counting each path. Therefore, we can partition P5', based on the
choices of edge orientations, into one of four classes, P3”’ n form € {0, 1,2, 3}. These
classes are visualised in Fig. 7.

LemmaA.6 Ifo € P3’”m then P[1,] = (1 — p), where ¢ = (¢py) = 2,4,4,HT.

Proof The red, dashed edges shown in Fig. 7 identify ‘shortcut’ edges; if any one of
these edges is present then o is reducible. Moreover, these are the only shortcut edges,

ﬁ
since the addition of any other edge would create a subgraph with g | > 0. Hence, if
o € Py, ,itis irreducible if and only if none of these c;, edges are present. Since the
existence of each edge is independent, the result follows. O

LemmaA7 Ifo € Pj, then

8
PlAgul = qmip'(1—p)*7, (A22)
=0
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where
000211 2223 8 1
0004 19 33 25 8 1
Q=WmD=145 004 19 33 25 8 1 (A23)
0002 16 34 26 8 1

Proof Assume that o € P” and k € V(G) \ V(o). Let gy, ; denote the number of
[-element subsets J C {(v K) (k,v) | v € V(o)} such that « is a generic directed
centre for o in the graph o U J. Note, g, ; is well-defined because, for a fixed m, all
o U J are isomorphic foro € P3 ,, andk € V(G) \ V(o).

Then, conditioning on the cardinality of J; x, we can write

8
PlAgul =Y PlAo|#Jou =11-PJo, =1) (A24)
=0

= lﬂ-@)ﬂu—pﬁ’. (A25)

Since g, depends only on m and [, we can compute an exact value which does
not depend on o or k. This is done as follows:

1. Foreachm =0, 1, 2, 3, initialise a graph G, withnodes V (G,,) = {vo, ..., v3, k}.
The edge set E(G,,) consists solely of an undirected path o, of length 3, on the
vertices (vo, . .., v3), such that o € Ps ,, (the black, solid edges of Fig. 7).

2. Define the set of all possible linking edges

L:={(,k), k,v)|i=0,1,2,3}.

(O8]

. For each subset J C L, construct G, j := (V(Gn), E(Gp) U J).

4. Set o,y := 1 if G, j contains an undirected path of length 2 from vg to v3 and
?1(Gm,]) = 0. Otherwise set a;,, j := 0.

5. For each subset J C L, set y,,,y = 1 if o,y = 1 for any J’ € J. Otherwise set

Ym,J = 0.
6. Then

qdm, = Z Ym,J-

JCL:
#J=I

This algorithm was implemented as a MATLAB script and was subsequently used to
compute the matrix Q given in the statement of the theorem. In step 4, Betti numbers
are computed via the pathhomology package Yutin (2022), using the symbolic
option. This uses MATLAB’s symbolic computational toolbox in order to avoid any
numerical errors. Details on how to access the codebase are available in Sect. 1.3. O
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—
TheoremA.8 If G ~ G (n, p) then

8 n—4

3
P[£1G)>0] < (Z)m DI )( = qmap'1 - p>8—l>

=0

n 2n—4 n 2n—6
()= 2(G)r -
2 3
(A26)
where ¢ = (¢p,) = (2,4, 4, 4)T and
000211 2223 8 1
0004 19 33 25 8 1
Q=WmD=14 004 19 33 25 8 1 (A27)
0002 16 34 26 8 1

Proof We follow the same approach as Proposition 4.17, but with tighter bounds. One
can bound the probability that there is an irreducible, undirected 3-path, without a
directed centre by

3
Y>> PSPl [ =PI (A28)

m=00eP!,, keV(G\V (o)

By Lemma A.6 and Lemma A.7 we can bound this further by

n—4

3 8
(Z)m Y pa—-pe (1 =Y gmap'(1 - p)g—’) (A29)
m=0 =0

since # Py ( )4' for each m. The same bounds, from Proposition 4.17, apply to
the probab111ty that there is a directed cycle, of length 2 or 3, without cycle centre.
Combining these bounds concludes the proof. O

Remark A.9 By Corollary 3.16 the bound identified in Theorem A.8 also holds for
-
p F(G). However, as noted in Remark 4.14, we can obtain a stronger bound by

removing the term
2n—4
(’;)[1 - p2] " (A30)

which corresponds to undirected cycles of length 2.

To demonstrate the utility of this theorem, in Fig. 8, at each n, we plot the minimum
pl,(n) such that the bounds from Proposition 4.17 (respectively Theorem A.8) imply

]P’(,_B)ﬂg(n, p)) > 0) < 0.05 for all p > p! (n). We compute p!, (n) via MATLAB’s

@ Springer



T. Chaplin

09 F Proposition 4.17
Theorem A.8
08
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0.6

03

101 102 103
n

Fig. 8 Boundaries of the parameter regions in which Proposition 4.17 and Theorem A.8 apply. If (n, p)
- -
falls above a given line then the corresponding theorem implies P( 8 1 (G (n, p)) > 0) < 0.05

fzero root-finding algorithm, with an initial interval of [0.1, 1]. For graphs on n <
470 nodes, the region of p in which Theorem A.8 applies is at least 0.1 larger. With
pu(t) plotted on logarithmic axes, the boundaries both appear to be straight lines with
the same gradient. This demonstrates that the bound derived in Theorem A.8 would
not allow for weaker asymptotic conditions on p(n) in Proposition 4.17.

Finally, these same techniques can be applied to the directed flag complex to get a
similar explicit bound.

Theorem A.10 If G ~ G (n, p) then

3 8 n—4
P[BI(X(G) > 0] < ( )4' Do )Cm( - Z gm1 (1 = p)“)

m=0 =0

N (Z)pz[l T 4+2<§ A=

(A31)
where ¢ = (¢py) = (2,3,3, 47T and
000O0OS5T16 19 81
0=@n=10 00070 081 (a32)
0000822 21 81
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Table 2 Scope of the four data collection experiments

Exp. # Homology Samples n-range p-range

1 F16) 100 [20, 150] [10~4,0.15]

2 _ﬁ>1(G) 100 [20, 100] [0.05,0.35]

3 ﬂl(}) (G)) 200 [20, 200] [5x 1074,0.3]
4 B1 (7() (G)) 200 [20, 200] [0.1,0.45]

Proof This follows from the same argument as Theorem A.8. The only changes are
the counts of possible shortcut edges for each isomorphism class in Lemma A.6, and
the output of the algorithm in the proof of Lemma A.7. O

Appendix B: Experimental results
B.1 Data collection

In order to further investigate the behaviour of path homology on random directed
graphs, we sample empirical distributions of Betti numbers. Table 2 records the four
experiments that were conducted. In each experiment, a number of random graphs
were sampled from G ~ 6 (n, p), for n evenly spaced in intervals of 5 in the noted
n-range, and 50 values of plogarithmically spaced in the noted p-range. Then, we
compute the first Betti number of either non-regular path homology or directed flag
complex, as noted in the table.

By logarithmically spaced in the range [a, b] we mean that values are chosen evenly
spaced between log(a) and log(b) and then we apply the exponential function. We dis-
cuss the reason for this logarithmic spacing in Appendix 1. Non-regular path homology
is computed with the pathhomology package Yutin (2022). Unlike in Appendix A,
we do not use the symbol1ic option and hence Betti numbers are subject to numerical
errors, due to error in rank computations. Directed flag complex homology is com-
puted with the f1agser package Liitgehetmann et al. (2020), without approximation
turned on. Also note that, due to computational restrictions, Experiments 1 and 2 were
occasionally stopped and restarted. These experiments were run before rng persis-
tence was implemented and hence reproduction attempts may yield slightly different
results.

B.2 lllustrations

In Fig. 9, we merge the samples from Experiments 1 and 2 for n € [20, 100]. We then
use the colour axis to plot statistics for each of these samples, against the logarithm of
each parameter on the two spatial axes. In Fig. 9a we record the empirical probability

that FI = 0 for each of the samples. In Fig. 9b, we record (?1(G))/n(n — Dp,
— —
where ( § 1(G)) is the mean f | for each random sample of graphs. In the following
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< F,(G)> fn(n—1)p
0.45

log(p)
log(p)
AU Y Y SR N

'
o]

3 35 4 4.5 3 3.5 4 4.5
log(n) log(n)

(a) (b)

Fig.9 Statistics for the path homology of samples of 100 random directed graphs G ~ 8 (n, p), sampled at
arange of parameter values, plotted against the natural logarithm of the parameters. Our primary contribution
is descriptions of the boundaries of the darker, blue region in (a) and a limiting value for the lighter, yellow
region of (b) as n — oo

informal discussion, we refer to these figures as proxies for the exact probabilities and
expectations of the distributions from which we sample.

We observe two distinct transitions between three distinct regions in parameter
space. Namely, when graph density is relatively low ]P’[Fl = 0] is almost 1. Next,
there is a ‘goldilocks’ region in which suddenly IP’[_,B)l = 0] is close to 0 and E[_ﬂ) 1]
appears to be growing. Finally, when density is too large, we transition back to a regime
in which ]P’[?l = (] is almost 1. Thanks to the logarithmic scaling of the parameter
axes, the boundaries between these regions appear to be straight lines.

Theorem 1.4 describes the fate of straight line trajectories through this diagram.
Theorem 1.4(3-4) says that a straight line with gradient m < —1 (resp. m > —1/3)
will eventually cross into and remain in the lower (resp. upper) yellow region of
Fig. 9a, where P(/_B)l = 0) is close to 1. Theorem 1.4(2) says that a straight line
with gradient —1 < m < —2/3 will eventually reach the blue region of Fig. 9a,
where P(?l = 0) is close to 0. In particular, this implies that the gradient of the
lower boundary region tends towards —1 and the gradient of the upper boundary is
eventually in the region [—2/3, —1/3]. Finally, Theorem 1.4(1) says that a straight
line with gradient —1 < m < —2/3 will eventually reach the yellow region of Fig. 9b
and the colour will approach 1.

In Fig. 10, we merge the samples from Experiments 3 and 4 for n € [20, 200]. This
figure provides Theorem 1.6 with a similar interpretation, as above, except that the
upper boundary is eventually in the region [—1/2, —1/4].

It is worth reiterating that these interpretations and results all hold in the limit.
That is, Theorem 1.4 provides no guarantees for a finite line segment, regardless
of its gradients or length. However, we do observe that the boundaries between the
three regions converge onto straight lines, of the correct gradient, relatively quickly
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P54 (X(G) - 0) < B(X(G)) > /n(n—1)p
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Fig. 10 Statistics for the directed flag complex homology of samples of 200 random graphs G ~ 6) (n, p)
sampled at a range of parameter values

(i.e. within n < 50 nodes). We will see empirical evidence for this in the following
section.

B.3 Finding boundaries

Note, Theorem 1.4 says nothing of the region —2/3 < « < —1/3. In the follow-
ing discussion we attempt to determine, empirically, the equations of the boundaries
between the positive region and the two zero regions identified in Fig. 9. This pro-
vides evidence to support the conjecture that the zero region for path homology can
be expanded to (—oo, —1) U (—=2/3, 0].

Conjecture B.1 Foran Erdds—Rényi random directed graph G ~ 6 (n, p(n)), let F]
denote the 1st Betti number of its non-regular path homology. Assume p(n) = n?, if
o > —2/3 then Fl(G) = 0 with high probability. The same holds for regular path
homology.

Using the samples from Experiment 1, for each n, we determine the maximum p; (n)
such that for all p < p;(n) we observe I@’[_ﬁl(G) =0] > 095 for G ~ E)(n, P,
where P denotes the empirical probability, derived from our sampled distribution.
Similarly, using the samples from Experiment 2, we determine the minimum p,, (n)
such that for all p > py(n) we observe B[ B 1(G) = 0] > 0.95 for G ~ G (n, p).
Since we anticipate a power-law relationship, the logarithmic spacing of p allows us to
achieve greater precision as n increases, since the values of log(p) are evenly spaced.
Moreover, we chose the boundaries of the p-region so that precision is greater near
the lower boundary in Experiment 1 and near the upper boundary in Experiment 2.
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Fig. 11 Over a range of parameters (n, p) we measure the first Betti number, E)l (G), for 100 sampled
random graphs G ~ G (n, p). Then, at each n, we determine maximum p; (n) (and minimum p, (n)) such

that for all p < p;(n) (and all p > p,(n)) at most 5% of graphs sampled from E)(n, p) have Fl (G) > 0.
The figures show log—log plots of these two functions. In both cases, we fit a line of best fit in order to
obtain an approximate power-law relationship

We then compute a least-squares, line of best fit between log(p;(n)) and log(n), to
obtain a power-law relationship of the form p;(n) = AnY. We repeat this for the upper
boundary to obtain a similar relationship for p, (n). The results of this experiment are
shown in Fig. 11.

Figure 11a shows that the empirical lower boundary has a similar dependency
on n to that predicted by Theorem 1.4(2, 3), i.e. p;(n) ~ n~'. Moreover, Fig. 11a
contains a plot of pj(n), as defined in Appendix A.1. For a parameter pair (n, p)

falling below this line, Theorem A.1 implies P[?l (G) > 0] < 0.05. We observe that
this theoretical boundary of significance lies very close to the observed, experimental
boundary, indicating that Theorem A.1 is close to the best possible bound.

Conversely, Fig. 11b predicts an upper boundary of p,, (n) ~ n~9%%9 This is consis-
tent with Theorem 1.44 since —0.660 < —1/3, but indicates that there is significant
room for improvement. This suggests that the hypothesis of Theorem 1.44 can be
weakened to « > —2/3. However, short of a stronger theoretical result, we require
more experiments with graphs on n > 150 nodes to confirm this; computational
complexity is currently the limiting factor.

In Fig. 12 we repeat the same analysis with Experiments 3 and 4 respectively,
in order to discern the boundaries of the positive region for directed flag complex
homology. Again, Fig. 12a shows that the empirical lower boundary has a similar
dependency on n to that predicted by Theorem 1.6(3, 4), i.e. p;(n) ~ n~!. Fig. 11b
shows an upper boundary of p,(n) ~ n~%43. This is also consistent with Theo-
rem 1.65 since —0.437 < —1/4. This provides evidence that the zero region for
directed flag complex can be expanded as far as (—oo, —1) U (—1/2, 0].
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Fig. 12 As for Fig. 11 but for 200 samples of (X (G))
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Fig. 13 Results for 10 normality tests on samples of gl(G) for G ~ 8(n, p) at a range of n and p.
Red rectangles indicate that at least 5% of samples were zero and hence are excluded from the experiment.
Colour indicates the P-value for the hypothesis test in question. Finally, for each test and at each n, we
average the P-value of the range of relevant p, which is recorded on the line graph. Note adjacent densities,
p, on the horizontal axis are shown with equal width, despite being logarithmically spaced

B.4 Testing for normal distribution

In analogy to known results for the clique complex (Kahle and Meckes 2013, The-
orem 2.4), one conjecture is that, in the known positive region, the normalised Betti

number g | approaches a normal distribution.
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Fig.14 As Fig. 13 but for f; (X (G))

Conjecture B.2 If G ~ G(n, p), where p = p(n) with p(n) = w(n~") and p(n) =
o(n=2/3), then

B1G) —E[B1(6)]
—
Var (B 1(0))

= N0, 1)asn — oo (B.1)

where N (0, 1) is the normal distribution with mean 0 and variance 1.

To provide some empirical evidence towards this conjecture, we perform 10 normality
tests on the distributions of ,_B) 1, obtained in Experiment 1. We restrict our focus to
the samples in which at most 5% of samples were zero, so that we are in a parameter
region where we hope our conjecture would apply.

We normalise each of the remaining samples and perform 10 hypothesis tests under
the null hypothesis that the samples come from normal distributions. To avoid confu-
sion with the null model parameter, we refer to the significance of these hypothesis tests
as P-values. These tests are computed with the MATLAB package normalitytest
Oner et al. (2017). The P-values (and names of the tests) are recorded in Fig. 13, along
with the average P-value against edge-inclusion probability p. In all tests, we see a
noisy but consistent trend: there is a decreasing amount of evidence for discarding the
null hypothesis as n — o0.

In Fig. 14, we repeat this analysis with the distributions of 81 (7() (G)) collected in
Experiment 3. Again we observe a similar but stronger trend: there is a decreasing
amount of evidence for discarding the null hypothesis as n — oo.

While no individual test is sufficient to conclude that Fl tends towards a normal
distribution, the ensemble of tests provide good evidence towards this claim. Larger
sample sizes, as well as samples at larger n, are required for more convincing evidence.
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