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1. INTRODUCTION AND MAIN RESULTS

1.1. Introduction to random graphs and networks. Technology and ap-
plication of arbitrary graph studies reached the phase of turning to the study
of large real-life networks. The empirical results are surprising, they found that
many real-life networks show some sort of universality by sharing important
properties. (For an overview on networks and random graphs see for example
[19, 21].) To start with, degree sequences of most of these networks have a
power-law tail, i.e., for k large enough, the number of vertices with degree k is
proportional to k77, for some 3 > 1. The second commonly shared property is
known as ”six degrees of separation” for social networks. Based on empirical
results, in the graph representing people and their acquaintances, typically two
people in the world can be connected with a chain of 6 people. This small
world phenomenon, i.e., the diameter being really small compared to the size
of the graph, also is a typical property of real-life networks.

Since these complex networks are huge and hence hard to treat globally,
local description is important. The local clustering coefficient of a vertex, i.e.,
the proportion of finished triangles and pairs of edges from the given vertex,
was found to be high in most real-life networks. For a social network, this
means that two friends of a person are likely to be friends too.

Since the structure and topology of networks affects the performance of
various processes on the network, such as the spread of information in biological
or human networks, it is an important question for sciences to understand
these in more detail. Local structure and neighborhoods depend on the local
connection rules of vertices, which are found to be probabilistic. This led to
the study of random graphs.

One of the most basic and oldest random graph model is the Erdés-Rényi
random graph [20], where there is a fixed number of vertices and each possible
edge is added independently with probability p. This model was studied
rigorously, however, in some aspects, it does not behave like real-life networks.
As a generalization to overcome these aspects, the inhomogeneous graph model

was introduced, its most general form befined by Bollobés, Janson and Riordan
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[16]. Given the vertices having some types from a (not necessarily finite) type-
set, the probability of any edge being added is independent from everything
else and depends on the types of the two vertices given by a kernel function x.

Some random graphs were directly created to model real-life networks, based
on the observed properties of the real-life networks under consideration. Pref-
erential attachment models [5, 15] were created to model the time development
of internet-related networks. At each time step, a new vertex is added to
the network and connects to old vertices independently, with a probability
proportional to their degrees. There is a modification that adds new edges in
two steps: the first step is the method described above, then we connect the
new vertex to the neighbors of its neighbors with a higher probability, to raise
more triangles. A possible generalization is a model where vertices and edges
can also disappear, or where vertices have some kind of ‘fitness’ parameter
increasing or decreasing the likelihood of getting new edges.

Another different approach is based on the often observed hierarchic structure
of networks. Initiated by Barabasi, Ravasz and Vicsek [6], hierarchic graph
models were created. These models are deterministic, fractal-like graphs with
hierarchic structure, where the degree distribution has a power-law tail, and
the small world phenomenon is also valid.

When we study processes on networks that move faster than the development
of the network itself, we can use static random graph models. (More about
those observed processes later.) One commonly used model for this is the
configuration model (see in e.g. [14] or [21]). We take n independent copies of a
positive, integer-valued random variable to be the degree sequence of the graph
and give each vertex as many half edges as its degree is supposed to be. To
form edges, we sequentially take a half edge and choose its pair uniformly over
the not-yet-used half-edges, (thus we choose a higher-degree vertex with larger
probability). We repeat this until all half edges are paired. If the total number
of half edges is odd, we delete the last unpaired one. Its popularity comes
from the fact that conditioning on the graph being simple leads to uniform

distribution among the simple graphs with the given degree sequence.
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Another static model is the Watts-Strogatz [33] or Newman-Watts [27] small
world model, which we shall introduce later and more rigorously, as it is the

center of our attention.

1.2. First passage percolation. First passage percolation was first intro-
duced to study spreading dynamics on lattices, in particular on Z% d > 2.
The intuitive idea behind the method is that one imagines water flowing at a
constant rate through the (random) medium, the waterfront representing the
spread. The model turned out to be able to capture the core idea of several
other processes as well, applications include studying graph distances and
epidemic spreads.

Note: an epidemic spread is a process on a network. We start the epidemic
from a given root (or several ones), which is infected and contagious. The
contagious period can be constant, random or infinite. The edge weights
correspond to the time needed for the infection to pass through, with finite
contagious periods, the neighbors might remain uninfected. It also leads to
different models whether we allow vertices to recover. The most simple model,
which directly corresponds to the water spread, is when vertices once infected
remain so and the contagious period is infinite. Then the epidemic spreads
the whole component. We will refer to this easy model later when we write
epidemic spread.

Among the first applications of first passage percolation, Janson [22] investi-
gated typical distances and the corresponding hopcount, i.e., the number of
edges along the shortest weight path, flooding times as well as diameter on the
complete graph. Evidently, without edge weights, all these quantities equal to
1. A strange phenomenon arises though, as adding random exponential edge
weights, shortest weight paths drop to order logn/n. Specifically, the shortest
weight path, the flooding time and diameter converge to 1, 2, and 3 times
log n/n, respectively, and the hopcount jumps up to order log n.

In a sequence of papers (e.g. [10, 11, 12, 32]) van der Hofstad et al started
to investigate typical distances in random graphs, leading to a large body
of first passage percolation on random graphs literature. Their aim was to

determine universality classes for the random metric spaces that are given



4

by the shortest path metric when adding some random edge weights to a
random graph. They showed (in a sequence of papers) that for random graphs
that have no geometry (e.g. the supercritical Erdés-Rényi random graph, the
configuration model, or the rank-1 inhomogeneous random graphs), where
the degree distribution has finite asymptotic variance, and the edge weights
are continuous on [0, 00), typical distances scale as logn. On the other hand,
having power-law degrees with infinite asymptotic variance drastically changes
the metric and there are several universality classes. (For instance, for unit
edge-weights, the graph is ultra small, i.e., distances scale as log log n, while for
exponential edge-weights, distances are tight [11].) However, for finite means
[12](in case of the configuration model) the hopcount remains of order log n.

Recently, Kolossvary and Komjathy [25] used first passage percolation to
determine distances on the inhomogeneous random graph model mentioned
above with exponential edge weights, for finite asymptotic mean of degrees.
The results are of order log n: the shortest weight path centered with a constant
multiple of logn converges to a non-degenerate random variable, while the
hopcount satisfies a central limit theorem with expected value and variance
both constant multiples of log n.

In [13] Bhamidi, van der Hofstad and Komjéathy studied epidemic spread
on the configuration model with exponential edge weights. They pointed out
the connection between first passage times and the epidemic curve, i.e., the
asymptotic proportion of infected individuals as a function of time, for a SIR
(susceptible-infected-removed) epidemic on the configuration model. After
proving our main theorem about typical distances, the same idea yields us the
epidemic curve for the Newman-Watts model with exponential edge weights.
Earlier, [9] Barbour and Reinert also concerned themselves with epidemic
spreads on the Erdés-Rényi random graph and on the configuration model
(with bounded degrees), aiming for results that would apply to a wider class of
random graphs.

In [2, 18] the competition of two first passage percolations, running on the
same graph is investigated. This can be considered a competition between

two epidemics, as well as the marketing of two similar products. The results
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show that the graph structure has a significant effect on the outcome, as in
small worlds, one competitor only gets a negligible part of the vertices, while
on regular lattices with linear distances both floods occupy a linear fraction of

vertices.

1.3. The Newman-Watts model. The Newman-Watts small world model,
often referred to as ”small world” in short, is one of the first random graphs,
created to model real-life networks. It was first introduced by Watts and
Strogatz [33], a simplifying modification made by Newman and Watts [27]
later. The Watts and Strogatz model starts with a ring of n vertices, each
connected to the k > 1 nearest vertices, then to create shortcuts, each edge
is independently rewired to a uniformly chosen other vertex with probability
p. This makes the model "tunable” in the sense that the degree of disorder
can be manipulated, the graph ranging from completely regular to completely
stochastic. Disorder comes with low clustering as well as short distances, while
regularity means high clustering, but distances linear in n. However, if p
is small but positive, high clustering remains while even comparatively few
shortcuts make distances drop significantly, to order logn, hence the small
world.

Newman and Watts made the modification that instead of rewiring, all edges
of the ring are kept and new shortcut edges are added. The method is similar
to the creation of the Erdds-Rényi graph, for each pair of not yet connected
vertices, we connect them independently with probability . It is proved that
these models are asymptotically equivalent as n tends to infinity (with the
right choice of k, p,r), but the Newman-Watts model is easier to handle since
it is always connected. (In this paper, we will pursue our investigations on the
Newman-Watts model with k£ = 1.)

The model has been studied from different aspects. Newman et al studied
distances [28, 29] with simulations and mean-field approximation, as well as
the spread of non-deterministic epidemics [26]. The aim was to determine the
threshold infection transmitting probability which suffices for a large outbreak

of the epidemic.



Aside from the properties of the model that make it similar to real-life
networks, the mixing time of a symmetric random walk on the Newman-Watts
graph was studied. To define the mixing time, consider the symmetric random
walk on the graph as a Markov chain, started with an initial distribution. In
each step, the current state of the chain specifies a distribution, that is known
to converge to the stationary distribution. The time when the total variation
distance of these two drop below 1/4 is called the mixing time. Durrett [19]
conjectured that the mixing time is between order of (logn)? and (logn)?, later
on Addario-Berry and Lei [1] proved that it is indeed of order (logn)?.

Barbour and Reinert also investigated typical distances on the Newman-
Watts model with first passage percolation. In the first paper [7] they carried
through investigations on a continuous circle with circumference L instead of
L many vertices, and added Poi(Lp/2) many shortcuts at locations chosen
according to uniform measure on the circle. Distances are measured by the
usual arc measure along the circle, while shortcuts are given length 0. In the
second paper [8] they considered a discrete model, with unit edge weights
on the cycle as well as the shortcuts, thus the metric was exactly the graph

distance. Their results are - not surprisingly - of order logn.

1.4. Precise model and main results. We will work on the Newman-Watts
small world model [27] with independent random edge weights. We can
construct the most convenient version of the model as follows: we take a cycle
C,, on n vertices. Then independently for each pair i,j € [n] := {1,2,...,n},
where |i — j| # 1 mod n, we add the edge (7, j) with probability p/n to form
shortcuts. Here, p is the parameter of the Newman-Watts graph, corresponding
to the asymptotic average number of shortcuts from a vertex. Conditioned on
the edges of the resulting graph, we assign i.i.d. exponential random variables
with parameter 1, in short, Exp(1) edge weights to each edge. We denote the
length of edge e by X.. We write NW,,(p) for a realization of this weighed
random graph.

The additional edge weights can represent the time of transmission from one
vertex to the other, or the cost along a given edge. We can also think of the

graph with the edge weights as a random metric space, where the distance
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between any two vertices is the sum of weights along the shortest weight
path. Hence, this graph model is a (non-euclidean) random metric space. The
distance between two vertices in this metric then can for instance correspond to
time of information spread on the network, or can model cost of transmission
between the vertices. More precisely, we can model the spread of information
from a uniformly chosen vertex, U € [n], as follows:

We can assume that once a vertex v receives the information at time t, it
starts transmitting the information towards all its neighbors at rate 1. Let
us denote the vertices that are connected to v by an edge by H(v), then, for
each w € H(v), w receives the information at time ¢ + X, ). We assume that
vertices transmit information only once to each neighbor, even if they receive it
more than once, and that there is no time limit for that transmission. (Hence,
we can look at this model as a susceptible-infected model for spread of diseases:
vertices cannot recover and the infectious period is infinite.)

We say that an event &, happens (on NW,,(p)) with high probability (w.h.p.)
if lim,, o, P(&,) = 1, that is, the probability that the event holds tends to 1
as the size of the graph tends to infinity. We write shortly Bin and Poi for
Binomial and Poisson and distributions, respectively.

In this paper, we investigate typical distances, i.e., the weight of the shortest-
weight path between two uniformly chosen vertices U and V. Let 'y denote
the set of all paths v in NW,,(p) between U and V. Then the weight of the
shortest weight path is defined by

(1.1) P,.(U,V):= min Xe.

Theorem 1.1 (Typical distances). Let U,V be two uniformly chosen vertices
in [n]. Then, the distance P,(U, V) in NW, (p) with i.i.d Exp(1) edge weights
satisfies w.h.p.

1 1
Pu(U,V) = 5 logn SN ~Qog WYY A+ o),

where X is the largest root of the polynomial N2+ (1 — p)A —2p, A is a standard
Gumbel random variable, the random variables WY, WV are independent copies

of the martingale limit of the multi-type branching process defined below in
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Subsection 2.3, and ¢ = log(1 — 7%/2) — log(A(\ + 1)), furthermore T is the

stationary type-distribution for the same branching process.

For the v path that minimalizes the distance, we call H, (U, V) = [y] = X_ ., 1

the hopcount, i.e., the number of edges along the shortest-weight path.
Theorem 1.2 (Central limit theorem for the hopcount).

H,(U, V) — 2]
( ) A Ogni)XW.h.p. as n — 00

A+1

1+ logn

‘ : d .
Where X s a standard normal random variable and — means convergence in

distribution.

We consider an epidemic spread on the network as well, with a single source U,

all other vertices are susceptible. Once a vertex becomes infected, it remains so,

and infects all its neighbors some time later, these transmission times are i.i.d.

exponential r.v.’s. (The epidemic occupies the graph in the exact same way the
waterflow does, if the edges are pipes with length given by the edge weight.)
On NW,,(p), we denote by 1,,(¢,U) := %Zie[n} 1{i is infected by time ¢}, the
fraction of infected vertices among all vertices at time ¢, in the epidemic started

from the vertex U.

Theorem 1.3 (Epidemic curve). Define the function f(t) =1 — My, (x(t)),
where Myy,, is the moment generating function of Wy, and x(t) = (1 — %7@2%) 1
Then 1,(t + 3 logn, U) converges to f(t+ 5 log Wy) in probability.

Wy, as in Theorem 1.1, is the martingale limit random variable of the

branching process defined in 2.3, started from U.

Remark 1.4. Note that f is a deterministic function with a random shift
given by ilog Wy, This means that throughout the epidemic, the fraction
of infected individuals follows a deterministic curve, only the starting time
is random. This phenomenon has been observed in real-life epidemics, see
e.g. this link or [31]. The time shift depends on Wy, which describes the
neighborhood of U. The result corresponds to the heuristics: a bigger value of

Wy means the neighborhood of U is "dense”, the spread is quick in the initial

AO+1)

At
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stages, hence can infect the whole graph quickly. Indeed, a bigger value of
Wy shifts the function more to the left, causing it to take bigger values earlier.
It is also just natural that we observe times in the form of ¢ + ilog n, where
t is a real parameter that can take even negative values. As 2t,, = ilogn is
the typical distance, we expect most individuals to be infected in a small time
frame around time 2t,,, hence the fraction of infected individuals is expected

to change significantly in the same time frame.

Remark 1.5. To make the distinguishing between shortcut- and cycle-edges
easier, let us color the cycle-edges red and the shortcut-edges blue. In this
respect, each vertex has two red neighbours, and since there are Bin(n — 3, p/n)
many blue outgoing edges from the vertex, each vertex has asymptotically

Poi(p) many blue neighbours.

1.4.1. Comparison to related literature and context.
Erdés-Rényi graph. The subgraph formed by the blue edges is approximately
an Erd6s-Rényi graph, with the difference that the cycle always makes NW,,(p)
connected, hence there is a single giant component containing all vertices.
It is well-known [21] that typical distances in the giant component of the
supercritical Erdés Rényi random graph are of order logn, and this is also
true [8] for the Newman-Watts model (without the edge weights) for any
p > 0. Hence, adding the cycle-edges makes the graph somewhat similar to the
supercritical regime of the Erdos Rényi random graph. On the other hand, the
cycle edges add a geometry to the graph, which plays a crucial role throughout
the investigation.

Let 8 = 1/(p — 1), then with our notations, the typical distance on the
Erdés-Rényi graph with Exp(1) edge weights, conditioned on U and V' being

connected:
Pu(U,V) — Blogn —= — (log(BW) + log(5W") + A)
Where W and W’ are independent copies of (Wy|Wy > 0), with Wy being

the branching process limiting random variable and A is a standard Gumbel
random variable. Note that p — 1 is the expected offspring-1 in the branching

process, corresponding to A, the Malthusian growth parameter in our model.
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Hence the difference between typical distances on the Erdos-Rényi random
graph model and on the Newman-Watts model is in the constant.
Inhomogeneous random graphs. Recall the inhomogeneous random graph model
mentioned above in subsection 1.1. Vertices have types s from a type space S,
equipped with a probability measure i, and conditioned on the types of the
vertices, edges are present independently with probabilities that depend on
the types. These probabilities are given by a so-called kernel k. We will see
that the exploration process on the NW,,(p) model is similar to the exploration
process on inhomogeneous random graphs with exponential edge weights [25]
- that is, both of them can be modelled using a continuous time multi-type
branching process. It would be natural to guess that typical distances are then
the same in these two models for an appropriately chosen x. It turns out, that
this is almost the case: the first order term A\~!log n, and the random variables
are the same, but the additive constant ¢ in Theorem 1.1 is not: the geometry
of the Newman-Watts model modifies how the branching processes can connect
to each other, which modifies the constant. Writing their result in the same
form as ours, Ciphom = —log (AA+1)/ 3 csm(s)?/1(s)).
Other results about the Newman-Watts small world model. As mentioned before,
Barbour and Reinert investigated typical distances in related models rigorously.
In [7] they treated a continuous version of the model. Their result is implicit,
but shows the distance is logarithmic function of L:

e Ydy
1+ y(2e2®)
In a subsequent paper [8] they treated the discrete model NW,,(p(n)) with

B(PL(U,V) > (log(Lo)/2 +)/p) — / )

unit edge weights. They gave complete characterisation of typical distances in
terms of the parameter p(n) that might also tend to infinity with n. In particular,
they showed that the earlier continuous model is a good approximation only if
p(n) — p: in this case the distances are logarithmic, given by a similar implicit

relation.

1.5. Sketch of the paper. In what follows, we prove Theorems 1.1, 1.2 and
1.3. The brief idea of the proof is the following: we pick two vertices uniformly,

then we start the neighbourhoods of these vertices in the graph in the order that
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is the distance from these vertices (Section 2). We show that this procedure
w.h.p. results in shortest weight trees (SWT’s) from the two vertices that
can be coupled to two independent copies of a certain branching process, that
will be a continuous time multi-type branching process. We then handle the
connection between these two branching processes in Section 3 with the help of
a Poisson-approximation. After the detailed analysis of the connection process,
the proof of Theorem 1.1 follows by noting that the first connection of the
two explored clusters provides a shortest weight path, that can be described
uniquely in the Poisson point process. We also heuristically compute the
epidemic curve from this, then make it rigorous in 4. Finally we prove the

central limit theorem for the hopcount (5).

2. EXPLORATION PROCESS

To explore the neighborhood of a vertex, we use a modification of the Dijkstra
algorithm. Along the lines of first passage percolation, the intuitive picture
is that the edges represent pipes with length given by the edge weight, and
water flows through the graph from the source at a unit rate. At any time ¢,
the explored vertices are the wet ones while the actives mean those vertices
that compete to become explored (are the end of an edge through which water
is currently flowing).

Introduce the following notations: N (¢), A(t), U(t) denote the set of explored,
active and unexplored vertices at time ¢, respectively.

Riaw)(t) denotes the remaining lifetime of the currently active vertices, indexed
by the vertices; R, () meaning the remaining lifetime of some vertex w € A(t)
at time t. We write N(t), A(t) for the sizes of explored and active sets at time
t. As before, H(v) denotes the neighbors of a vertex v. Adding the subscript R
or B to any quantity corresponds to the same quantity restricted to only the
red or blue vertices, respectively. Colors will be given according to the color of

the edge we reach the vertex through.

2.1. The exploration algorithm on an arbitrary weighted graph. Let

1 = 1. The vertex from which we start the exploration process is denoted by
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v1. We color v; blue and set the time as t = T} = 0. Evidently, we take

N(0) = {1}
A(0) = H(v)
U0) = o]\ ({vr} UH(w))

The remaining lifetimes are determined by the edge weights, that is
Ria01(0) = {Rw(0) = X(y, ) for all w € H(vy)}.

We color the active vertices w € H(v;) to have the same color as the edge
(v1, w).

We work with induction from now on. In each step, we increase ¢ by 1. We
can construct the continuous time process in steps, namely, at the random
times when we explore a new vertex.

Let 7; = min (R{ A(Ti_l)}(Ti,l)), the minimum of remaining lifetimes. Then
define T} := T;_1 + 7;, the time when we explore the next vertex. Clearly, the

sets do not change until 7;. Formally, for any ¢ s.t. T, <t < T;:

From all the remaining lifetimes, we subtract the time passed: for some

0<s<m,
Riam, o (Tici +8) == Ryawr,_ )y (Ti—1) — s, subtracted element-wise.

Note that we define only Ry, ,)(t) it for t = T; too, which will make the
included remaining lifetimes continuous. The other sets are defined up to T;,
excluding 7;, which leads to the quantities A(¢) and N(¢) being right-continuous.
(So that A(T;) means the number of active vertices after the i split.)

At time T}, the vertex v; of which the remaining lifetime equals to 0, becomes

explored and its neighbors become active. We shall refer to v; as the i explored
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vertex.
N(T;) := N(Ti=1) U {vi}
A(T) := A(Ti1) \ {vi} UH(v:)
U(T;) == U(Ti—1) \ H(vi)
Only the change of the remaining lifetimes set is not trivial.
Riamy(Ti) == Ryaw, -y (1) \ {Rw, (1)} U{R(T3) : = € H(vi)}
where R, (T;) = X(u,,2), the edge weight of (v;, z), and z also gets the color of
(vs, ).
On an arbitrary connected weighted graph, the exploration process can be
continued until all vertices become explored.

Note that this algorithm builds the shortest weight tree SWT from the

starting vertex. This tree will be modeled with the branching process.

Remark 2.1. The "set” of actives might contain several occurrences of a
vertex, in case at least two neighbors of a vertex are explored already. (The
water is approaching the same vertex through several edges at the same time.)
We do have to keep them until one of them becomes explored so that we know
which one gives the shortest weight path to the vertex from the source. We do
not delete other occurrences right away, they will be ”thinned” (see later in
2.4.1) when they are supposed to become explored. Hence the coloring might
not be well-defined for active vertices, as the colors of the different occurrences

can be different, but the coloring is well-defined on explored vertices.

2.2. Exploration on the weighted Newman-Watts random graph. Though
we consider NW,,(p) as a realization of a random graph, to determine the char-
acteristics of the exploration process on NW,,(p), we can not handle it as an
arbitrary graph. We have to consider T}, 7;, N(t) and A(¢) as random variables,
such as N (t), A(t), U(t) and Ry (t) are random sets, and the next explored

vertex is chosen randomly.

Lemma 2.2 (Children). Suppose the vertex v is being explored for the first
time (i.e., not "double-explored”). If v is red, one new red and Binomial(n —

3, 2) many new blue active vertices are born. If v is blue, two new red and
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Binomial(n — 4, £2) many new blue active vertices are born. The number of new

blue active vertices is asymptotically Poi(p) in both cases.

Proof. The statement is obvious from Remark 1.5, using the fact that the color

of the vertex is determined by the color of the edge it is reached through. [

Lemma 2.3 (Remaining lifetimes). At any time t, any element of Ryaw)y (1)

is an Exp(1) random variable.

Proof. Since the edges are weighed with i.i.d. exponential random variables, this

follows easily from the memoryless property of exponential distribution. [

Corollary 2.4 (Next explored). The minimum of the remaining lifetimes is
unique with probability 1 and the next explored vertex is chosen uniformly over

the set of actives.

Proof. To see the first part, we only have to recall that two out of finite many
absolutely continuous random variables are equal with probability zero. The
algorithm takes the minimum of independent, identically distributed random
variables, which is uniform over the indeces. Since the next explored vertex
is the one with the least remaining lifetime, the second part of the statement
also holds. OJ

2.3. Multi-type branching processes. We define the following multi-type
continuous time branching process that corresponds to the initial stages of the
exploration process.

There are two particle types, red (R) and blue (B), and their lifetime is
Exp(1), independent from everything else. Particles give birth only once upon
their death. They leave behind offspring as in Lemma 2.2: each particle has
Poi(p) many blue offspring, red particles have one, while blue particles have two
red children. Dead and alive particles will correspond to explored and active
vertices, respectively. With this wording, for the number of alive particles, we
define

Definition 2.5. We shall write Z(t) = (Zgr(t), Zg(t)) for the number of alive

particles of each type, Z(t) meaning the total number of alive particles. Let
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N(t) = Ng(t) + Ng(t), where N,(t) means the number of dead particles of type
q = R,B. We assume the above quantities to be right-continuous. Superscripts

(R), (B) refer to the process started with a single particle of the given type.

The exploration process corresponds to the process started with a single

blue-type particle, which dies immediately.

2.3.1. Literature on multi-type branching processes. Here we restate the neces-
sary theorems from [4] which we will use.

In this subsubsection, n does not refer to the number of vertices in the
Newman-Watts graph, but to the number of dead particles in the branching

process.

Definition 2.6 (Mean matrix). Let M(t) := M, ,(t) = E[Zy) (t)], (¢g,r =R, B)

the mean matriz, where Zq(r) (t) is as defined above in Definition 2.5.

It is not hard to see that M(t) satisfies the semigroup property M(t + s) =
M(t)M(s) and the continuity condition lim; o M(¢) = I, where I denotes the

identity matrix. As a result, we have:

Theorem 2.7 (Athreya-Ney). There ezists an infinitesimal generator matriz
Q so that M(t) = e, where Q,, = aTE[D((f)] — 0,4. Here, a, is the rate of
dying for a particle of type r, (i.e., the parameter of its exponential lifetime),
D s the number of offspring with the same sub-end superscript conventions as
in Definition 2.5, and 0,4 = L—gy (i.€., 0pq = 1 if and only if r = q).

(0
Q_(Q ﬂ—1>

Figenvalues and eigenvectors of the () matriz. Using the characteristic polyno-

In our case,

mial,

p—1x+/p*+6p+1
)\172: 5 .

For p > 1, the maximal eigenvalue is

p—1+4++/p>+6p+1
2.1 A=
(2.1) :
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We shall refer to the second eigenvalue by

p—1—+/p*+6p+1
(2.2) Ay = .

2

The corresponding normalised left eigenvector m which satisfies 7QQ = Aw
gives the stationary type-distribution.

(2.3) ™= (TR, 7B) = (ALM ALH)

We denote the right (column) eigenvector with u and normalize it so that
mu = 1. For later use, without computing, we denote by vy and us the left
(row) and right (column) eigenvector of ) belonging to the eigenvalue \s.

A well-known phenomenon, and the most important theorem for our purposes
is that the process grows exponentially with rate A (the so-called Malthusian

parameter), more precisely,
Theorem 2.8 (Athreya-Ney).

lim Z(t)e ™ = Wr

t—o00

where W is a nonnegative random variable, the almost sure martingale limit of

W, = Z(t)ue .

Theorem 2.9 (Athreya-Ney). Define T,,, the n' split time, as the time of the
n'" death in the branching process. (We assume T) = 0 for the death of the
root.) On the event {W > 0},

(i) For each q € (R, B), lim,, oo Ny (T,)/N(T},) = lim,, oo Ny(T3,) /0 = 7,

(i) limy,_ e ne M = 2W
For the number of dead particles,

Corollary 2.10.

a.s. 1
N(t)e ™ &% i

Proof. From Theorem 2.8 we have Z(t)e ™ “% W. Let S, = Z(T},) = Z(T,+),

the number of alive particles after the n'" split. Expressed with the offsprings:
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S, =1+>_,(Dy—1), Dy meaning the total offspring of vy, the k™ splitting

particle. We compute
1 1 &
-5 ==11 _
n " n ( +Z<Dk U)
k=1
NR(Tn)
1 1 1 (R)
= —+4+ —Ng(T,) —— Dy" —1
n + n R( ) NR(Tn) ]Zl J
1 T R

)
“Ng(T,) ——— DB

We use part (i) of Theorem 2.9 and note that the variables inside the sums are

i.i.d., hence the Law of Large numbers implies that

(2.4) lim lSn =g (E[DY] = 1) + 75 (E[DP)] - 1) = 7Q1 = ),

n—oo N,

where 1 means the column vector of ones.
Note that N(t) yields n for the unique n such that T,, <t < 7,41, as well as
for such values of t, Z(t) = Z(T,,) = S, holds, hence

SN(t) = Z(t).
Substituting this into Theorem 2.8, we have

— SN(t) - a.s.
Snwe M = N(t) e M =W
N(t)© ( ) N(t) € -

Since the process is supercritical, T,, — oo a.s., thus by (2.4),

SN . SNm) as.
M R A R A S/ =

follows. Substituting, we have
N(t)Ae ™ 2% 1.
O

Throughout the next sections, we develop error bounds on the coupling

between the branching process and the exploration process on the graph. For



18

convenience, we introduce
(2.5) fyim =1
. n =50 ogn

the times we will observe the branching and exploration processes at, as well as
(2.6) W = e M Z(t,), with W 25 W,

the approximations of the martingale limit W at the times ¢,.
Note that for large enough n, W™ = W (1 + o(1)), hence we often ignore

the superscript when dealing with error terms.

2.4. Labeling, coupling, error terms. In this section we relate the branch-
ing process to the exploration process on NW, (p) and calculate the coupling

error.

Error bound on coupling the offspring. The branching process is defined with
Poi(p) blue offspring distribution, while in the exploration process a vertex
actually has Bin(n — 3, p/n) (or Bin(n — 4, p/n)) many blue children, which
we have to handle.
Let Y ~ Poi(p) and X ~ Bin(n, p/n). By the usual coupling of Binomial and
Poisson random variables, we get P(X #Y) < %.

First we examine the blue offspring in the case when a red vertex splits.
Now, we have to couple a different binomial, Z ~ Bin(n — 3,p/n) to Y. Let
V ~ Bin(3,p/n), then Z = X — V. Then

P(Z4Y)<P(X £Y)+P(V #£0)

Y
N

<

—+1-P(V=0
— 1PV =0)
2 ?)p

== 4+ 1/n?
n—l—n—iro( /n®)

R

In case a blue vertex splits, Z ~ Bin(n — 4, p/n) and V ~ Bin(4, p/n). Hence,
similarly as before, P(V # 0) = 42+0(1/n?), thus P(Z #Y) < %—i—%’”—ko(l/nz).

Claim 2.11. The probability that up to k steps, for at least one prticle the
blue offspring in the exploration process and the Poisson branching process is

. , 2
different, is at most k=22
n
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Proof. In each step, the bound is either ’7’1—2 + % and ’;—2 + %, of which the
maximum is % + %. Hence, by a union bound, multiplying it by the number

of steps gives an upper bound. O]

Since the red offspring is deterministic, it does not rise an error term.

2.4.1. Labeling and thinning. We label the particles of the branching process
to correspond to the exploration process. The labeling is as follows:

Note: everything should be interpreted modulo n.

(i) The root is labeled u, the source of the exploration process. u can be U,
a uniformly chosen vertex over [n].

(ii) Every other particle gets a label when it is born.

(iii) We distinguish "left type” and "right type” red children. Left type red
particles have a left type red child, right type red particles have a right
type red child, blue particles have a red child of both types.

(iv) A left type red child of v gets label v — 1, a right type red child of v is
labeled v + 1.

(v) The blue children of v get a set of labels uniformly chosen from [n].

Recall from Remark 2.1 that we might have several occurrences of a vertex
(both active and explored) in the exploration process as well as in the branching
process, but at most one of them is explored. The labeling fails if two explored

vertices share the same label.

Lemma 2.12. The probability that the labeling fails at the i split is at most
2i/n.

Proof. The labeling fails at the i*" split if the splitting particle has a label that
is already taken by an explored vertex. To estimate the probability of this, we
investigate two cases.

When a blue particle splits. Since the label of a blue particle is chosen uniformly
over [n], and there are at most ¢ — 1 dead labels already, the probability that
we choose from this set is (i — 1) /n.

When a red particle splits. Since the labeling of red particles is deterministic,

we have to investigate them differently. In this part, we have to go back to the



20

underlying graph model and imagine the exploration process on the cycle. We
start with a single blue vertex, then explore its red neighbors, one by one, the
interval of red vertices around the original blue one grows, the side is always
randomly chosen. Sometimes we find a shortcut, leading to a distant blue
vertex, that has a uniform label, and around that we start exploring red vertices
in a more deterministic way - the label is given, only the time of exploration
is random. This forms a growing set of growing intervals, each having a blue
vertex as center, denoted by ¢ for the interval I;,. (Actually ¢; = vpy, the
k™ dying blue particle.) Let us write I, and r,, for the number of explored
red vertices to the left and to the right of ¢,. (Left and right radius of the
k™ interval.) Since these intervals are functions of time, we shall write I;(T;),
ri(T;) and 1 (T;). Recall that I;(T;) means the same as I(T;+), since we think
of the process as right-continuous.

In this setting, a new red vertex can coincide with an existing vertex if and
only if two intervals I and I’ grow into each other. It is not hard to see that
this can only occur in the following setting:

There exists an a € [n] such that a vertex with label a € I(T;_;) and at
the same time, the verex labeled a +1 € I'(T;_;). Since a + 1 € H(a), which
is explored in I(T;_1), a + 1 is active in I'(T;_;). Similarly, a is active in
I'(T;_1). In case at T;, I or I’ grows on the side towards the other, a € I'(T})
or a+ 1 € I(T;). Then either a or a + 1 is double-explored.

Denote by I* the interval that grows at time 7;. We want to know the prob-
ability of it growing into another I; interval in exactly this step. Conditioned
on ¢, r*(T;_1), 1" (Ti—1),r; and [;, there are two possible labels of ¢; for this
event to happen: on the left side of I*, at position ¢* —*(T;_1) —r; — 1 and on
the right side, at position ¢* +r*(7;_1) +{; + 1. (Both cases mean the furthest
explored red vertices were neighbors at step t;_;.)

Hence, we get that for a single interval I;,

B(I*(Ti1) N 1(Ti1) = 2, I(T) N I,(T)) # 2)

n

We have to sum this up over all possible intervals I; # I*. Note that there are

exactly as many intervals as blue explored vertices (at either T;_; or T;, since
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v; s red).

Let the event G; = {v; is red and its label is already used}.

Np(Ti-1)—-1 9 9 92

1

P(G;) < —=—(Ng(T;_1) —1) < —,
S S

since there are less than i blue explored vertices (Ng(T;—1) < N(T;_1) =i —1).
Note: this proof is not limited to the case when two red dead particles meet
(a vertex is double red explored), but also applies when the new red explored
vertex coincides with a formerly explored blue one, in case [;(T;_;) = 0 or
rj(Ti—t) = 0.

Hence, the statement of the lemma follows. 0

In case the labeling fails, we can not consider the second (or any later)
occurrence of the double-explored vertex and its descendants. (We do not need
them, as we already have a shorter path to the given label, then in any paths
through the label, we can replace the part from the root to this vertex with
the shortest possible and not make the path longer. Also, the offspring of
the particle has to be well defined, but in the random construction, another
explored occurence would lead to generating a new set of offspring.) We mark
this second (or any later) occurrence thinned, and all its descendants ghosts.
To carry on with the branching process approximation, we have to bound the
proportion of ghosts among the actives.

Ancestral line. We approach the problem of ghost actives with the help of the
ancestral line. We define the ancestral line AL(v) of a vertex v as the chain of
particles leading to v from the root, including the root and v itself. Then an
alive particle is a ghost if and only if at least one of its ancestors is thinned.
The ancestral line was introduced by Biihler in [17] with the following approach:
for each time interval [T}, Tyy1) we can allocate a unique particle on the
ancestral line that was active in the interval [T}, Tr11). Hence we can look at
the ancestral line as a time process too.

Since we do not remove the descendants of thinned particles, only mark them

ghosts, there might be particles that are thinned because of ghosts, creating
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more ghosts then necessary. This only means that the bound we achieve isn’t
sharp, however, it suffices.

Biihler introduced the ancestral line to use it in discussing the generation of
a randomly chosen alive particle, as well as the degree of relationship of two
randomly chosen alive particles. Our aim is different, so we make use only of
the indicator decomposition of the generation. For the following observations,
we condition on {D;,i = 1, ..., k}, where D; is the total number of offspring of
the i*" dying particle. Denote by G}, the generation of a uniformly chosen alive
particle V after the k' split. Then G, = Ly + Lo+ ...+ Ly, where the indicators
L; are conditionally independent and L; = 1 if and only if the ancestor of V
that was alive in the time interval [T}, T;;1) was newborn (born at Tj).

Since the ancestors are chosen uniformly, in the interval [T}, T;41), D; many
particles are newborn, and S; many are alive, which yields the probability
P(L; =1) = D;/S;.

Suppose that w; and wy € AL(v), furthermore, wy is an offspring of w;.
Then wy is newborn at 7 if and only if w; is the particle splitting at 7;. Hence,
if we define the indicators L; by L’ = 1 if and only if the i*® splitting particle
v; € AL(v), then {L, =1} ={L, = 1}.

Corollary 2.13. The probability of the i dying particle being an ancestor of

a V' uniformly chosen active:
Plv; e AL(V)) =P(L.=1)=P(L; =1) = —.
Ezxpected proportion of thinned actives. Let us combine Corollary 2.13 and

Lemma 2.12. To be able to do so, we need the following lemma.

Lemma 2.14. There exists a positive integer-valued random variable K so
that K is always finite and for every i > K, S; = i\(1+ o(1)).

We postpone the proof for now.

Lemma 2.15. Let Ag(t) = {v € A(t) : v is a ghost} the set of ghost actives
at time t and Ag(t) its size. The proportion Ag(t, + u)/A(t, + u) tends to 0
in probability as n tends to infinity.
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Remark 2.16. The times we want to observe is t,, + u, where t,, = % logn
and w is an arbitrarily small real number (can be negative). The reason is that

eMr = \/n, hence at t,, the number of active vertices is of order \/n.

Proof. The proportion Ag(t)/A(t) = P(V € Ag(t)), where V' is uniform over
A(t), i.e., uniformly chosen active individual. We can use Corollary 2.13 for

the representation of the ancestral line of V' € A(t), namely we can write

P(V € Ag(t)) = P(3w € AL(V) that is thinned)

(t)
< P(v; € AL(V) and v; is thinned),

1

Z,

7

where, as before, v; means the particle that dies at T;. Since the labeling is

independent of the family tree,

N(#)
(27) PV € Ag(t) <Y P(v; € AL(V)) - P (v; is thinned) <

=1

Z

()D
S

:lw

IIM

According to 2.14, we can split the sum for parts up to K and above. For

1 < K, we can use D; < S;.

N
< ﬁ + Zz‘:(?(+1 D; E + Z?I:(? D;
n  An(l4+o(l)) n  An(l+o0(1))

Then we make two sums with respect to the color of the splitting particle.

ZD — ZDR)JFNBX%)D

1 NR(t)

= Nult) 5,7 D P Nl i o o
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Having averages of i.i.d. random variables, we can apply the Law of Large
Numbers, and use that (Ng(t)/N(t),Ng(t)/N(t)) == =
P(V € Ac(t))
N(t)7gE[DW](1 + o(1)) + N(t)m5E[DP)](1 + o(1))
An(1+o(1))
N(t) (mr(p+ 1)+ 75(p+2))
n
Using that 7 is the left eigenvector of Q with eigenvalue A\, mgp + mg(p + 1) =
Mg+ mg) = A\
For large enough times, Corollary 2.10 implies N(t) = eM+W (1 + o(1)). Hence

Ac(t)/A®E) = BV € A(t)) < K*/n + e”%W(l +o(1)).

Thus for the observed time window t,, + u, the proportion of the ghost actives

)\ 1 1 a.s.
T (1 4 o(1)) 25 0.

A2 vn

Even though K is a random variable, associated with the deviation of the S;,

< K?/n+

=K?*/n+ (14 0(1))

Ac(t, +u) /Aty +u) < K*/n+

it is independent of n, so the convergence remains to hold. 0]

Now before moving onwards, let us return to the proof of Lemma 2.14. This
lemma follows from [3, Theorem 1, Theorem 2|. Here, we restate [3, Theorem
1] in a special case, where each eigenvalue has multiplicity 1. This is still

sufficient for our purposes and easier to handle.

Theorem 2.17 (Asmussen). Let Z,, be a supercritical multitype Galton-Watson
process, with dominant eigenvalue A, the corresponding left and right eigenvector
v and u. For any other eigenvalue v, v, and u, denote the left and right
ergenvector belonging to v.

Let us decompose an arbitrary vector a € RP that has the property v-a =10 in

the basis of the eigenvectors of A and then we define

Var(Z,
p=sup{v:v,a#0}, o°:=lim [vVar(Zna)
n—00 AT
If u? < \, then with C,, = (20%*Z,ulogn)"/?
Z, n
liminf 222 — 1 and limsup a
n—oo

n n—o0 n
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We also restate [3, Theorem 2| without change.

Theorem 2.18 (Asmussen 2.). Replacing n € N with t € [0,00), Theorem
2.17 remains valid for any supercritical irreducible multi-type Markov branching

process.

Proof of Lemma 2.14. Our aim is to use the previous two theorems for the
2-type branching process that corresponds to the exploration process. Since 7
and v, are linearly independent in our case, there is no such nonzero vector
that is orthogonal to both, so for any a that wa = 0, necessarily vea # 0, which
implies p = Ao, since there are no more eigenvalues. The eigenvalues of the
mean matrix M(t) are e’ and e*2'. The condition p? < A in Theorem 2.17 is
then equivalent to 2Ay < A which follows from the nonnegativity of p, through
simple algebraic computations. In our case the asymptotic variance o2 is the
following;:

o2 = i TYA(Z(t)a)

t—o0 e’\t
Cy = (20%Z(t)ulogt)'/?

This implies

Z Z
lim sup (t)a =1 and liminf (t)a

t—00 t t—o0 t

= 1.

Let us apply this theorem for the split time 7;: we get that there is only a finite

(1)

number of indexes ¢ such that ‘%’ > 2. Let the maximum of these indexes

be K, a random variable. Since ﬂ — 1/Alog i has an almost sure limit, 7; is

normally of order logi. This implies that Cr; is usually of order (iloglogi)'/?,

then by Markov’s inequality, Cr, is w.h.p. of at most order (ilogi)'/2.

Since E[Z(t)a] = 0 if and only if 7a = 0, we can apply the theorem for
the centered version Sf := S; — ES;. Then for i > K, |Sf| < Cp,. The
fluctuation is of smaller order then S;; itself, which means we can indeed write
S; = iM1 + o(1)). For more detail on this, see the proof of [23, Corollary

3.16). 0

2.4.2. The number of multiple active and active-explored labels. Recall that

in the exploration process, as well as in the branching process there might
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be multiple occurrences, see Remark 2.1, as thinning only prevents multiple
explored labels.

For the connection process, we want to use that the number of different
active labels at T; is approximately the same as S;, i.e., there are not many
multiple occurrences. For the reasons mentioned above, we still have to deal
with labels that are multiply active, or are explored and active at the same

time. We will discuss this in the following five cases:

. A blue active vertex has been already explored.
. A red active vertex has been already explored.

1
2
3. A blue active vertex is also red active.
4. A vertex is double red active.

5

. A vertex is double blue active.

We will denote by p,(t) the probability at time ¢ of a uniform active vertex
falling under case @ = 1,...,5, which is the same as the proportion of vertices
falling under case a among all active vertices.

We observe the times ¢, + u with ¢, = 5;logn, u € R, since E(A(t,)) =

WeMn = W./n, and we shall see that this is the size needed for the two
branching processes connect.
Case 1. Blue active being already explored. At time ¢, there are at most N(t)
explored and neither thinned nor ghost labels. Under the condition that the
active vertex is blue, since its label is chosen uniformly over [n], the probability
that this label has been already explored is N(t)/n. Substitute N(t, + u) from
Corollary 2.10, then for ¢ = t, + u = 55 logn + u,

P(v is already explored | v is blue) = N(t,, + u)/n

= (@“ %W(l + 0(1))) /V/n.

Thus
pi(tn +u) = 7p (eA“ %W(l + 0(1))) /v/n— 0.

Case 2. Red active being already explored. We consider this case the same way
we considered the thinning of red vertices. In the picture of the growing set

of growing intervals on the cycle, a red active is explored if and only if two
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intervals are about to grow into each other: the furthest explored red vertices
in both interval are neighbors. We call these intervals neighbors. Then, for
two neighboring intervals, the active vertices at the end of each interval are
explored in the other interval. Let I; and I;,1 < i < j < Np(¢) intervals
around ¢; = vp; (z’th dying blue) and ¢; = vp ; respectively. Conditioned on
¢; and all radiuses, there are two possibilities so that /; and I; are neighbors:
cj=¢ +r;+lj+1orc; =c —Il; —r; — 1. In other words, conditioned on the
position of one of the intervals, there are precisely two positions for the other
interval so that our event, that the intervals are neighbors, happens. Thus
for each pair of indices the probability of the intervals being neighbors is 2/n.
These are obviously not independent but note that expectation is linear even
for sums of dependent random variables. Summing up for all pair of indexes
and dividing by the number of all intervals gives the proportion of case 2 red

actives among all red actives.

2/n
(1) = number of neighboring intervals  1<i<j<Np(1)
P2\s) = number of all intervals B Ng(t)
(*57) -2/

e (Ng(t) — 1)2/n

For the time window of our interest, substituting N(¢) from Corollary 2.10, and

t = t, + u, this means:
a.s. Au 1
patn +u) = mr(1+0(1)) | mpv/ne XW_ 1)2/n
1
= TR (71'3(1 + 0(1))e>\u XW — 1) 2/\/5 — 0.

Case 3. Blue active being red active. Using that the labels of blue vertices are

chosen uniformly,
P(v is red active too|v is blue active) = Ag(t)/n = 7r(1 + o(1))A(t)/n

Hence ps(t) 2 mpmr(1 4 o(1))A(t) /n.
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For the time window of our interest
ps(ty +u) = mpmR(l +0(1)vn (e W(1+0(1))) /n
= mpmr (W (1+0(1))) /v/n— 0.

Case 4. Multiple red active vertices. This case is very similar to Case 2. A
vertex v can be red active twice, if the two intervals that it belongs to are
"almost neighbors”, that is, both have v as an active vertex on one of their
ends. (v is the only vertex separating them.) The only difference is that a
multiple red label decreases the number of different labels by 1, not by 2. This

reduces the proportion to the half, hence

paltn +u) = mg (WB(l + o(1))eM %W — 1) /v/n — 0.

Heuristically, we can say this occurs because a red cannot be double right side
active, since that would mean the label on its left is doule-explored, which
would have been thinned. (Same for left.)

Case 5. Multiple blue active vertices. We will examine this case with an
approach different from the others, with an urn scheme. Imagine an urn with n
balls, labeled with [n]. In each step, we choose one uniformly, note its number,
then put it back in the urn. We want to know the number of different labels
noted after k steps, or rather the number of those that were chosen more than
once.

For any label [, the number of its appearances — denoted by L — in the label
sequence has a distribution L ~ Bin(k, 1/n). The probability that [ is chosen

ruea- () G) (5 <5

Here again we need, k = Ap(t, +u). Then

twice:

o

.S. 7T2 7T2
7B(\/E)Q e2)\u WZ/nQ — 73 eQAu WQ/TL

For 3 <i <k = Ap(t) = O(y/n), for some constant C},

P(L = 2)

ki
nt
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Since k = O(y/n), there exists a constant C' so that
k3 A 3
P(L>3)= Cﬁ = C(W,u)/(v/n)*(1 + o(1)).
Above is the proportion of labels among all labels that are used twice, or more

than twice for blue actives. The proportions among the blue actives are:

nP(L = 2)/Ap(ty +u) < %B MW/ /n

nP(L > 3)/Ap(t, +u) < C(W,u)/(vn)? = o(1/v/n).
Hence, we get that the probability of a label being used more than twice is
very small (in which case we should subtract it more than once), even smaller
order than p,, so we will neglect it from now on.
The final conclusion is that the proportion of case 5 actives among all actives
is

a.s. 2
ps(tn +u) < %B MW /y/n — 0.

Corollary 2.19. Define A (t) the effective size of the active set as follows: we
subtract from A(t) the number of ghosts, already explored and multiple active
labels, to get the number of different labels in A(t). Then

A(tn + ) /A(tn +u) — 1.

Proof. By the previous arguments, clearly we have then
5

Aoty +u) /Aty + 1) > 1= palty +u)

a=1

1 TR 3TRTR 7@23 A+1
>1— —eMW (=2 B
= TR (A TIETR T T TS T TR

where K is the finite random variable in Lemma 2.14.
(Note that implicitly, both sides are conditioned on A(t).) O

) (14 o(1)) — K2/,

3. CONNECTION PROCESS

Now that we have a good approximation of the shortest weight tree (SWT)
started from a vertex, it provides us a method to observe the shortest weight
path between two vertices. Let us give a raw sketch of this method before

moving into the details. To find the shortest weight path between vertices U
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and V, we grow the shortest weight trees from the two vertices (SWTY and
SWTV) simultaneously. Since the graph is connected, these two trees must
intersect after some time. (Given enough time, even one SWT could occupy the
whole graph.) The shortest weight path is determined by the first intersection
of the explored sets.

For technical issues, we choose another way of handling.

Definition 3.1 (Collision and connection). We grow SWTY, the shortest
weight tree of U till time t,, = % logn, and freeze it. Then we grow SWTV till
“time” t, +u. We say that a collision happens when an active vertex in the
shortest weight tree of U becomes explored in the process of V. If a collision
happens at vertex x at time t, + u, then this determines a path between U
and V' with length 2t, +u + RY(t,), where RY(t,) is the remaining lifetime
of © in SWTY, and is an Exp(1) random variable. To find the length of the
minimal path — i.e., the connection time — we have to minimise the quantity

2t, +u + RY(t,) among all collision events.

Obviously, growing SWTV after SWTV results in more thinned vertices in
SWTV, since the labels belonging to explored vertices in SWTY can not be
used again, leading to a bigger thinning probability. Hence, we have to show
that the additional number of ghosts caused by this effect is still small. Recall
(2.7) and note that the proportion of ghosts depends simultaneously on the
thinning probability of the i*® explored vertex as well as it being an ancestor
of a uniform active vertex. Hence, to determine the additional error term, we
have to reconsider the computations in Lemma 2.15 and then show that this

term also tends to 0.

Claim 3.2. If we grow SWTV after SWTY on the same graph NW,,(p) and
aside from the usual thinning, we have to thin the vertices of SWTV that already
occurred in SWTY. Then the effective size of the active set in SWTV for times
t =t, + u is asymptotically the same as the size of the active set, that is, the

statement of Corollary 2.19 remains valid for SWTV as well.
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Note that it suffices to bound the proportion of ghosts, as the error terms
caused by vertices that are multiple active, or active as well as explored in the

same SWT, are not increased by the presence of another SWT.

Proof. We once again want an upper bound for the probability of a uniform
active being ghost, in a different setting. We use union bound and sum up for
all explored vertices the probability of being thinned and being an ancestor of
the uniform active at the same time. The arguments with the ancestral line
(see 2.4.1) remain valid without any modification, the i*® splitting particle is
an ancestor of a uniform active with probability D;/S;. (The random variables
D; and S; now mean the number of offspring and alives in SWT".) We shall
examine the change in the thinning probability.

In case the i explored vertex is blue, its label is chosen uniformly, thus
the probability that this label coincides with a previously chosen label equals
(NY(t,) +i— 1) /n. In case the i explored is red, we can use the same idea
as before: it has the same label of a vertex explored before if and only if two
intervals grow into each other with this step. We now consider the two SWTs
together, as one set of intervals. Conditioned on the interval that grows, for
any interval the probability that these two grow into each other is 2/n. The
number of intervals is now the total number of blue explored vertices in the

two SWTs. Summing it up for all intervals gives the upper bound

N (tn)+i
D> 2/ =2/n (N§(ta) +1) <2/n (NY(ty) +1).
k=1
Then the common bound for the two colors is 2/n (NY(t,) + i).
For the probability of a uniformly chosen active in SWTY being a ghost,

similarly to (2.7), we have

NV (tn,
D 2
AUt 4+ u)/AY (t, 4+ u) = Z 5 E(NU(tn)jLz')
=1
(3:-1) NV (tn+u) NV (tn+u)
D; 2 D; 2NU(t)
Sz n Sz n "

=1
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We already know from Lemma 2.15 that the first sum tends to 0 as n tends to
0o. Let us investigate the second one.

Using the a.s. finite K value implied by Lemma 2.14, we split the sum again.

Z_< NU ZI—K WU(1+0(1))7H—°>°0.

For the second one,

4 u Vitn+u
NV (tn+u) NV (tn+u) DZ

EZENU ) D DifSi= NU”ZM

i=K+1 i=K+1

o NV (tn+u) D; :
We compute the expected value of the sum X3 := » ;" i 0y agemy With

tower rule, and using E[D;] = A + 1,

v u Vitntu
NV (tn+u) NV (tn+u) D,

D,
1 S S AT
el i1+ o0(1)) Bl i1+ o0(1))
g 3 _EDL
S AL+ o(1))
A+1

=~ (E[log N" (¢, + u)] = log(K +1))(1 + o(1))

Since logarithm is concave, we can use Jensen’s inequality to obtain

A1

E[%5] < (log E[NY (t,, + u)] — log(K +1))(1 + o(1))

)\—1—1
DY
)\—i-l
DY

Now we can use Markov’s inequality to bound this sum w.h.p.:

(log [+v/nWye] —log(K + 1)) (1 + o(1))

(Auilognlog (s Wy) —log(K + 1)) (1+o(1))

P (25 > EXslogn) < logn =3 0.

Then for ¥y = 2NY(¢,,) 23, the following holds with high probability

2
¥y < ENY(t,) log nEX;
n

< (A lognlog(3Wy) —log(K + 1)) (1+ o(1)).

2 A+1
< =NY(t,)logn i
n
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Substitute NY(ty) from Corollary 2.10:

2
Se < =(1+0(1))xv/nWylogn

n
A+1

;) (Mg lognlog (sWy) —log(K + 1)) (1+ o(1))

log®n

= (14 o() (WU

logn

vn

And this is what we wanted to prove. 0

(AM1)u log(iw\/)
—_—

(L4 o))

n—oo

(14 0(1))3Wylog(K +1) == 0.

3.1. The Poisson point process of collisions. First we show that with
respect to the parameter u in t,,+u, the collision events form a non-homogeneous
Poisson point process (PPP) for each pair of colours and we compute the total
intensity measure of these PPPs. We get a two dimensional PPP by adding
the independent exponential remaining lifetimes RY(¢,,) as second coordinate.
(See [30] for this Poisson-approximation.)

It is not hard to see that the collisions indeed form Poisson point processes.
Because of the continuous lifetime distribution, the probability that two vertices
are explored at the same time in the shortest weight tree of V is 0. Each
collision event requires a vertex being explored, thus collision events occur at
the same time with probability 0. We will see next that the events are almost
independent. From the properties of the exploration process, it is obvious that
the probability of a new collision only depends on the sizes of the sets of which
we observe the intersection, thus depends on the existence of former collisions
only through their effect on the set sizes. By a collision event, the set sizes are
reduced at most by 2, the proportion of this change and the set size of order
v/ (see Corollary 2.19) is asymptotically 0, hence the almost independency.

Given that we have a non-homogenous PPP with intensity measure u(t), t €
R, the number of points till time ¢ has distribution Poi(M (t)) = Poi([*__ u(s)),
where M (t) is the mean function. Since E[Poi(M(t))] = M(t), the derivative
of E [number of points till ¢] gives p(t).
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To determine the intensity measure of the collision process, we will consider
the four collision point processes for each possible pair of colours. Since
the labels of blue vertices are chosen uniformly, they can meet any color.
Considering the growing set of intervals, we see that red can meet red as well.

Let us introduce the notation for ¢,r € {R, B}

Cor(u) = A/:;V(tn +u) N Ag<tn)a Cor(u) := [Cqr(u)],
(32) cw):= |J Corlw), Clu):=IC(u)

q,r€{R,B}
(Note that e.g. Crp(u) denotes the set of red explored labels in SWTV that
are blue active in SWTVY.)

The corresponding intensity measures are denoted by p,,(u) and p(w).

By Corollary 2.19, we already proved that the effective size of the active set
at times ¢, + u for u € R is asymptotically the same as the size of the active
set, so we use this quantity instead in our computations.

We can handle the 3 cases similarly when blue vertices are involved, hence
we investigate the specific parts one by one, then we can make the conclusions

at once.

Blue-blue collision. By the definition of the set Cp g(u), we can write

Cppu)= > ze At}

TENY (tn+u)

Note that E[1,|1,] is of the same order as E[1,]: as the elements of AY(t,)
are chosen uniformly, the success probability 1, depends only on the size of
the set. The condition 1, only reduces that size by 1, which is asymptotically
neglectable compared to the size of the set. Since the dependence is weak,
the usual Poisson approximation yields that Cp g(u) converges to a Poisson
random variable for each u € R. The events {z € N} (t, +u)}, {z € AY(t,)}
are independent by the labeling procedure for blue labels, Wald’s equation
yields

E[Cp 5(u)] = E[Ng(t, + )] - P(z € Aj(tn))-
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Blue-red collision. Similarly to the previous case,
Coalw)= Y L{ze At}
TENY (tn+u)
E[Cp r(u)] = E[N§(t, +u)] - P(x € A%(t,)).
Red-blue collision. This time we approach the intersection through indicators

of the explored set.
Crp(u) = N (tn +u) N AL (t,),
Cro(w)= Y Ifz e Nj(t,+u)}.
€AY (tn)
Notice that even though the labels of A%(t,) were chosen earlier, since this set
contains blue vertices, the labels are chosen uniformly over all possible labels.
Thus the probability of a blue vertex being included in any set L at any time

in the process, is proportional to the size of L. This implies
Ve € AY%(t,) . P(z € N (t, +u)) = Np(t, +u)/n.
Then, like previously, using Wald’s equation we have
E[Crp(u)] = E[AY(t,)] - P(z € Ny (t, +u)).
Using the asymptotic results for A(t), N'(t) (from Theorem 2.8 and Corollary
2.10) and the definition of W™ 2.6, then differentiating with respect to u yields
pp p(u) = TEWI WM,
(33) HUR B (U) = WBWRW((Jn)W‘(/n)eAu,
ppr(u) = WBWRW‘&”)W((]")e’\“.
Red-red collision. We consider this in the setting of the intervals on the cycle.
Since we froze the cluster of U, we have SWTY as a fixed set of intervals,
{It,k = 1,...,N%(t,)}, while the set of intervals in SWT" is growing (and
possibly merging) with u {J;(u),i = 1,...,N%(t, + u)}. A collision happens
when one of the intervals J; grows into one of the intervals I}.
Note that here we face a new technical issue. When two intervals J;(u) and

I, collide at time w, in principle we should stop the evolution of J;(u), that is,

for all &' > u we should have J;(u’) = J;(u). But, note that this would cause
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computational difficulties later, since we would need to condition on all the
earlier collisions. Hence, it is easier to do the following as an upper bound
on the number of red-red collisions: we let J;(u) grow further and it might
collide with more vertices inside I. The error term caused by this is negligible,
since this is only part of the thinning of SWTV imposed by SWTY, which is
negligible in the sense of Claim 3.2.

Then we can easily observe all red-red collisions up to time ¢,, + u. Not just
the outmost, but any explored red in SWTV coinciding with an active red in
SWTY means a (potentially past) collision, as long as the centre of J;(u) is not
inside of [} (in which case that center should have been thinned).

Then for any pair I and J;(u) the probability that they had already made

a collision by time t,, + u is
(3.4) P(Ji(u) NI # 2) = (I} (u) + 7} () /n,

where [ (u) and r) (u) mean the left and right radius of J;(u), similarly as in
paragraph 2.4.1. To see this, condition on [, and all radiuses included. Then
the left hand side active red of I} coinciding with any of the r} (u) explored
right hand side reds of J;(u) means a (potentially past) collision and each
determines the position of ¢!, the centre of J;(u). Thus the position of ¢}
being among these 7} (1) many positions for on the left of I means a collision
between I and J;(u). Similarly, there are [} (u) many good positions on the
right. Using that ¢! is chosen uniformly over [n] — since it is a blue vertex —
yields the right hand side of (3.4).

Then the expected number of red-red collisions up to time ¢, + u:

NY 5(tn) NG Y (tn+u)

E[Cgr(u)] =E Z Z 1{I, N Ji(u) # @}

NY (tn) N (bn-+u)

sy

P(I), and J;(u) have made a collision)

bl

=1 =1
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Substituting, we have

BlCra(n)] = 0 )+ 1Y ()
U Ng(tn‘f'u)
= Bl S @+ )

i=1

Notice that AY(t,) = 2NY(t,), since there are two red actives in each Iy. Also
the radius of an interval is the number of explored reds belonging to it, hence

the sum of all radiuses yields the number of all explored reds.

1 1
B[Crp(w)] = 5 AR ()~ Nt + 1)
1 m =1 1o m) —~
2 n oA
I 51 n)rsrn
— éﬂ—éxwl(f )W‘(/ )eAu
Then differentiation yields
]' n n u
(3.5) prr(u) = §7T]2%Wé )W‘(, )

Heuristically, this factor %, that doesn’t correspond to the other 3 cases, arises
because right side reds can only meet left side reds and vice versa, hence only
2 types of red-red collision can occur out of the possible 4. This can be made
rigorous: for the half of reds that are left side reds in an interval I, the center
J;(u) has to be within 7;(u) steps on the cycle from the leftmost red in I, but
not included in Iy, for I and J;(u) to determine a collision. For the right side
reds, we can say the same with [;(u). In total, we have half times the sum of
right radiuses and one half times the sum of left radiuses in the intervals J;(u),

which is one half times the number of explored reds in SWTV at time t,, + u.

Theorem 3.3 (Total intensity measure of the collision PPP). The total inten-

sity measure of the collision Poisson point process is

M(u) = Wl(] )W‘(/ )e)\u (7‘(% + 27TB7TR + 577'?%) — W((j )W‘(/ )e)\u (1 o 577?%)
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Proof. We discuss that the processes are asymptotically independent. In the
collision process, we actually consider intersections of sets (explored sets of both
colors in both SWT’s). Dependencies arise from two phenomena: dependence
of the set sizes (explored sets in the same SWT), and given the set sizes, the
”competition” for colliding vertices. (E.g. for the intersections N N N5 and
NY NNY)

Among these sets, only the pairs N&, N% and N}, N}, are related, and even
these only depend weakly: they can gain a new element when an active
vertex becomes explored. Then the offspring of the explored vertex appears
in the active set, that might change the distribution of the color of the next
explored vertex, however for the times we observe, the active set is of order \/n,
compared to this, the change of proportion that constant many new actives
cause is asymptotically neglectable. (Several steps can’t ruin it either, by the
almost sure convergence to the stationary type-distribution.)

Given the sizes of the explored sets (of both colors in both SWT’s), each
collision event in one of the processes reduces by 1 the number of possible
colliding vertices for each other process, which is neglectable compared to the
set sizes of order \/n.

Then by the asymptotical independency, summing up the equations in (3.3)
and (3.5) yields the total intensity measure.

3.2. Proof of Main Theorem. It is well known [30] that given a one-
dimensional (non-homogenous) Poisson point process, adding identically dis-
tributed random variables independent from each other and the PPP, as second
coordinates, we get a two-dimensional non-homogeneous Poisson point process.

Then the points (U;,Y;),i = 1,2, ... form a two-dimensional PPP, where the
coordinates U; are the points in the collision PPP with intensity measure p(u)
and the coordinates Y; are the remaining lifetimes, i.e., i.i.d. Exp(1) random
variables, independent of the U;-s. The density of the joint intensity measure is
f(u,y) = p(u) - e7v. Define v(A) = [, f(u,y)dydu, then the number of points
in A has distribution Poi(v(A)).

To get the shortest path between U and V, recall from Definition 3.1 that

we have to minimize the sum of time passed and the remaining lifetimes
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over the collision events. Mathematically, we want to minimize the quantity
U; + Y; over all points (U;,Y;) of the PPP defined above. Note that event
{min; U; +Y; > z} is equivalent to the event that there is no point in the
infinite triangle A(z) = {(z,y) : y > 0,2 +y < z} in the two-dimensional PPP

defined above. We calculate

v(A(z)) = / / p(u) - e Ydydu
—00 J0
? 1
= / Wén) W‘(/")e’\“ (1 — 57@?%) (1—e C"")du
1 1
(1 )

AA+1)

For short, we denote by

m — oy (112 1
As well as W = WyWy (1 — i7%) ﬁ Then we can reformulate
(3.7) V(A(z)) = WM

Turn our attention back to P,(U, V), the shortest weight path between U

and V. By the previous argument, we conclude
. P(Pu(U, V) > z + 2t,[W™)
3.8
= P(Poi(v(A(2))) = 0WV™) = exp{-v(A(2))}

Rearranging the left hand side and substituting the computed value of v(A(z)),

we get
P(2t, — Pu(U, V) < —2|W™) = exp{- WM}
We rearrange the right hand side first.
exp{—WMe*} = exp{— exp{\z + logW™}}
= exp{— exp{— (—Xz — log W("))}}

We rearrange the original left hand side too, to get something similar to the

exponential instead of —z in the probability. First, note that we can write <
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instead of < since the involved distributions are continuous, and we use the

definition of ¢,,.

1
P(2t, — P (U, V)< —2)=P (25 logn — P, (U, V) < —z>
=P(logn — AP,(U,V) < =)\z)
=P (logn — AP, (U, V) —logW™ < =z —log W™ W)
Comparing these results,

P (logn — AP, (U, V) — logW™ < =Xz — log W | W)
= exp{— exp{— (—Xz — log W("))}}

We can recognize the cumulative distribution function of a standard Gumbel
random variable A, P(A < x) = exp(—exp(—z)), with z = —\z — logW™.
That implies

(logn — APy (U, V) — log W)W —L5 A

where A has standard Gumbel distribution. Rearranging and substituting YW
from (3.6), and using that the martingales (W, W) 255 (Wy, Wy),

1 1 1
P.(U, V) — —logn Ly A= —logW

A A A
1.1 1 1,\ 1
= _XA 3 log(Wy Wy ) — h log <1 — §7TR> + X log (A(A + 1))

4. EPIDEMIC CURVE

Recall the definition of the epidemic curve function from 1.4. The discussion
of the epidemic curve will consist of three parts: first, we heuristically find
the function by computing the expected value of I,,(¢,U). Then we prove the
convergence by bounding the second moment. Finally, we give a characterization
of My, , the moment generating function of the random variable Wy, that

determines the epidemic curve function f.
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4.1. Heuristics, expected value. First, suppose U and the martingale W((J")
describing its neighborhood are given. Then about the fraction of infected

individuals, we can say

E [1u(t,U) ‘W}ﬂ - % > E [1(w is infected by time t) (W&")]

we(n

1 n
=— E P (w is infected by time t ‘Wé )> .
n

weE[n]

We take the average of the probability of being infected over all vertices, this

is the same as the probability that a uniform vertex is infected. Then
E [In(t, U) ‘W[(]")] =P (V uniform vertex is infected by time t )Wff”)
—P (Pu(U,V) <t ‘WI‘J")) .

The distribution of P, (U, V') is known conditioned on Wy and Wy . Since only
U is given and V' is our variable, we use total law of expectation with respect

to V. Finally we have
E (L )W ] =E [P (Puu,v) <t wi) ’W}]"]
We already know from 3.2 that
P (Po(U,V) > 2 + 2t,| W, wyo)
(4.1) =P (P,(U,V) >z + 1 logn] Wi, W‘(,”))
= oxp { ~WPW (1= 4nd) st}

We use the transform z = ¢ — % log Wl(jn) and take the complement event. (Note
that P, (U, V) =t has 0 probability.)

P (Pn(U, V) <t—LlogW™ 4 Llogn ’W‘(/"), W((]”))

n) 15 7(n 1 1
=1-exp {_W[(f W (1= gmh) G W }

U

n 1
=1—exp —W‘(/) (1 — i —)e’\t}

7)
2T AN+ 1
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Then substituting this into (4.1),
E [In(t — Llog W + Llogn, U)|W(”)}
—E [1—exp {-W" (1= 473) sbeye™ b "]
:1—Eexp{—W‘(,n) (1 7T )A/\H)e)‘t}.

We recognize that the second term is the moment generating function of W‘(/n),
MW‘(/n) (ZL’) , at l’(t) (1 - R) )\(/\lJrl)e)‘t.

Then E [In(t — 1 log WUn) + %log n, U)] =1-M (n)( (t)), which is equivalent
to

BIL (¢ + }logn, U)] =1~ My (a(t+ 3 log W)

Note that W,(Jn) converges to Wy almost surely, which implies convergence
in probability of their moment generating functions. Then it’s natural to

conjecture the epidemic curve function to be f(t) =1 — My, (2(t)).

4.2. Rigorous proof. The heuristics above showed that the expected value
of 1,,(t,U) indeed converges in probability to the defined f function at the
given place. We prove the theorem by showing that the variation of I,,(¢,U)
converges to 0, then Chebyshev’s inequality yields that I,,(¢,U) converges to
its expected value in probability.

Denote by 1; = 1{i is infected}. Let us calculate

i€[n]
2
== Z Varl; + - Z Covl[L;, 1]
1€[n] 1<j€[n]

Since 1; is an indicator, Varl; < 1, hence # Zie[n] Varl,; < %

COV[I]_Z‘, :ﬂ_]] = ]E[ILZI]_
= P(i and j are both are infected|W[5”)) —P(i is infected|Wén))IP(j is infected|W[(Jn))

Imagine now three exploration processes on NW,,, one from U, one from ¢ and

one from j. We want a connection simultaneously between SWTV and SWT*
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as well as between SWTY and SWT?. Recall the coupling between the graph
and the branching process, as well as the thinning inside one tree and between
the trees, all have error terms of order 1/logn. This also applies if there are
three SWT’s, the error terms increase by constant multiples. These connection
processes between SWTY and the other two are related only through the
intersection of SWT? and SWT’, which is of order 1/logn, which means they
are asymptotically independent. Then P(i and j are both are infected|W[(]"))
is close to P(i is infected|W[(Jn))IP(j is infected|W[(Jn)), the error term, which is
the covariance, is of order 1/logn.

This works if 7 and j are fairly apart, say (i — 7) modn > logn. The number
of "bad pairs”, which are close is nlogn/2, compared to the number of all
pairs (g), the fraction goes to 0. Even for these, the covariance is bounded by
1. Then the sum divided by n? goes to 0.

With that, we have bounded the variance by a term that goes to 0, which
finishes the proof.

4.3. Characterization of the epidemic curve function. We start with the
well-known recursion formula for the number of alive particles in the branching

process arising from the branching property:

p{P

ZP(t) =Y 1{X; >t} + 1{X; < t}Z(t - X))
=1
D

+ Z H{X; >t} + 1{X, < t}Z(B)(t - Xi),

j=1

and similarly for the split of a red particle. Note that the branching property
guarantees that all random variables on the right hand side are independent.

(Recall that Z(9)(t) means the vector of alive red and blue particles at time ¢
in the process started with a single particle of type g, Df«Q) means the number
of r-type children of a particle with type ¢, and X; is the Exp(1) lifetime of a
particle.)
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Multiplying both sides with e~ we get

D
e NZBP(t) =Y " eMIXG >t} + I{X; < the Mie N TXIZW (1 - X))
i=1
p'P
+ Z e MI{X; >t} 4+ 1{X; < t}e e MXDZB (1 - X;).

j=1
We then let ¢ go to infinity. The left hand side converges to W), 1{X; > t}
is bounded, hence multiplied with e, it goes to 0. 1{X; < t} goes to 1, as
Exp(1) is always finite. e A=X)ZB) (¢t — X;), since we subtract the same X,
converges to I/Vi(B), which has the same distribution as W), The other terms

can be handles similarly, altogether we have

DB DB
R B

wB) 4 Z e—/\XiVVi(R) + Z e—)\XjVVj(B)’
i=1 j=1

where I/VZ-(R) are independent copies of W) = lim,_, . e M Z ") (t), and I/Vj(B) are
independent copies of W (&) 4 Wy . Denote the moment generating functions
of W®B) and WH) respectively My, ), My (r).

To obtain functional equations for the moment generation functions, we apply
the function x +— E[e”] to both sides. Recall that a red particle has one
red child and Poi(p) many blue, while a blue has two red children and Poi(p)
many blue. From the independency, guaranteed by the branching property,

expectation factorizes.
(B)
Ee?W® — (E [exp{de W (D}] )2 -E (exp {79 fol e’\XJ'VVj(B)})

We use law of total expectation with respect to X; to compute

JB = E [exp{We MW }] = / E [exp{We WP} e~"da
0

= / My (e )e " dx
0

Let J®B) defined similarly with My, s).
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We apply tower rule for the last term:
(4.2)

(B) (B)
E (eXp {19 ijl e‘AXJ‘Wj(B)}> =E (E {exp {19 Z?ﬁ e A W]'(B)H DJ(BB)D

The moment generating function of a non-random sum of independent random

variables is the product of the moment generating functions.
E [exp {19 Zf):gf) e M I/VJ.(B)}' DJ(BB)} = Hf:’(gf) E [exp{ﬁe*)‘xj VVj(B)}} = Hf:gf) J®B
- (J(B))D%B) :
Substitute into (4.2):
E {exp {19 Zf:%;) e)‘XJI/Vj(B)}} =E [(J(B))D;m] :
Above is the probability generating function of DJ(BB) 2 Poi(p), hence
E {exp {19 ZJD:%B) e’\Xjo(B)}] =exp{p (/P 1)}

We can rewrite this as

JB) 1 = / My (9e)e %dx — 1
0
:/ MW(R>(19e_Ax)e_xdx—/ e “dx
0 0

- / (M (Je) — 1) e *dz
0

We can now conclude

My (9)

_ ( /0 " My (ﬁem)ewdx) . { p ( /0 " (Mo (967 — 1) ewdx) }

Similarly for Méﬁ ), using that D%R) =1 and D%R) 4 Poi(p),

My cry ()

_ ( /0 My (ﬁe_Ax)e_xdx) exp { p ( /0 " (M (9e) — 1) e—wdx) }
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The moment generating functions are described by these functional equations,
and according to [4], there exist proper moment generating functions satisfying

these functional equations.

5. CENTRAL LIMIT THEOREM FOR HOPCOUNT

Recall that the hopcount H,,(U, V') is the number of edges along the shortest

weight path between U and V, and Theorem 1.2 claims it follows normal

A+1
A

We consider the shortest weight path in two parts: the paths from each U

distribution with mean and variance both log n.

and V to the vertex where the connection happens, denote it by Y. These
paths are disjoint with the exception of Y, hence if suffices to determine their
lengths. Denote by G(V)(Y) the generation of Y in SWTV, similarly for V.
Then the required steps from the root U to Y is exactly GV)(Y).

Claim 5.1. The choice of Y is asymptotically independent in the two SWT ’s.

Proof. Conditioned on Y being the connecting vertex, it is uniformly chosen
over the active set of SWTV. That determines its label, and it determines which
particle is chosen in SWTVY through the label. Since the labeling is independent
of the structure of the family tree, aside from the thinning, the choice of Y
in SWTV is independent from its choice in SWTY. We already bounded the
fraction of ghost particles (those who have one of their ancestors thinned) by a

term that goes to 0 in 2.15, hence asymptotic independence holds. 0

With these notations, H,(U,V) = GU(Y) + GV)(Y), and the two terms

are independent. We reformulate the theorem using these terms:

H,(U,V)—22logn  GOY)+GV(Y) - 2 logn

)
%logn %logn
_ GU(Y) — ’\Q—J:\llogn N GV)I(Y) — ,\2_4;1 logn
%logn %logn

Considering that the terms are independent, it suffices to show that both
G<U>(Y)—%logn and G“”(Y)—%logn

— — has normal distribution with mean 0 and
VA ogn VA ogn
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G(U)(Y)f% logn and G(V)(Y)f% logn

variance 1

5 » Which is equivalent to

having

standard normal distribution.

5.1. Generation of connecting vertex in SWT". Since SWTV grows, the
connecting vertex is a splitting particle at some splitting time T}, which is always
chosen uniformly over the active set. Then we can recall Biihler’s decomposition,
that we already used in 2.4.1, for Y’s generation as Gy, = Y —i = 1*1;, where
conditioned on the offspring variables D;, the indicators are independent and
have success probability P(1; = 1) = %

In our case the number of splits is a random variable. We run SWTV till
time t,, + u for some u that is given with the coordinates of the connection point
in the two-dimensional PPP (see 3.2), hence there are N(¢,, + u) many explored
vertices. We intentionally chose t,, such that N(¢,,) would be of order y/n, and
u is a bounded random variable. (This can be proven by letting u — oo in
(3.7): the measure of the infinite triangle goes to infinity, hence the probability
that it contains no point, that is, the connection does not happen up to ¢, + u,
goes to 0.) Hence we will write C'y/n instead of N(¢,, + u). C'is then a random
variable and might depend on n, but is bounded w.h.p.

We decompose

ST — Al ]ogn S OVR D _ Mgy,

_ Si  2A

%logn %logn
cvn D (1 _ Di
sofa-xofg YIRE(1-%)
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Denote by

Our aim is to show that Lindeberg’s CLT is applicable for B;, while B,

converges to 1, and B3 converges to 0.

5.1.1. Term By. We have a sum of independent indicators, hence it is indeed
the expectation and deviation that we subtract and divide with. We only need
to check Lindeberg’s condition for the central limit theorem to hold. IN this

case, Lindeberg’s condition is

Cvn
Ve>0 lim ) E [113 1 {mi — Di/Si| > e D,/S; (1 - Di/Si)}] <0
=1

Since 1; is a Bernoulli random variable, |1, — D;/S;| < 1. Then

ZZC:‘{E D;/S; (1 — D;/S;) — oo would ensure Lindeberg’s condition, since Ve3n,
such that ¢ - ZZ;/ITE D;/S; (1 —D;/S;) > 1, then we have a 0 sum for all n > n,,
thus the limit is 0 < oo.

We give a lower bound for the sum of variances.

cyn Cv/n Cyn
02 =" D,/S(1-D;/S) =Y D;JS;i— 3 D?/S:.
=1 =1 =1
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Recall (future citation: lemma about S;), and split the sum according to the
random variable K. Each vertex has at least least on red child, D; > 1. Then

ZD/S—ZD/S+ Z D;/S;

i=K+1

> D;/S;
Z i/ Si+ Z iN1+0;(1))
i=K+1
Since K is a.s. finite, the first term is finite. By Janson (.....), 0;(1) < i7V/2
we have i(1 + 0;(1)) < i + /i < 2i, which implies that m > o,
thus the second term tends to infinity with order at least logn. Observe
now S°9V™ D2/S2 that is the second term in o2. Since D; = Poi(p) + 1 +
1{i*® explored is blue}, and the terms are independent, VarD; < p+0+1 < oo,

and

then D; has finite second moment which we denote by M.

cyn
ZD2/52 ZD?/S2 Z D?/S2

—ZD2/52+ Z D?/ (i*X*(1 + 0(1))?) .

The first term is a.s. finite. For the second one, we apply Markov’s inequality,

also using that the expectation is linear.

o) N
P| > D} (XN(1+0(1)°) = > M/ (*X(1+0(1))%) - loglogn
i=K+1 i=K+1

< 1/loglogn,
which tends to 0 as n does to infinity. Hence with high probability,

ovn w2 1
Z D/ (*X(140(1))%) < E}\—Mg log log n.
i=K+1
This means we subtract something which is w.h.p a much smaller term, then

o2 goes to infinity w.h.p.
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5.1.2. Term Bs.
S Di/Si(1 — Di/Si)
2 Jogn
_ Y Di/Si(1 - Di/S;) S Di/Si SO DS

2 Jogn 2 Jogn 2 Jogn
The first fraction tends to 0, as the numerator is a.s. finite and the denominator
tends to infinity. We showed in the previous subsubsection that the nominator
of the third fraction is w.h.p. of order loglogn, which devided by logn goes to
0. We have yet to show that the second term goes to 1. Let F,, = o(Dx, ..., D)
the filtration generated by the random variables D;. Then

cvn D; E[D;|Fi—1] Cyn  E[D;|Fi—1]
ZZ K+1 D; /5' Z¢=K+1 ix(1+o(1)) i)\(1+o(1)1) n Zz K+1 ix(1+o(1 )1)
)\—H lOgTL )\—H IOgTL )\+1 logn :
For Zi:\é(ﬁ—i-l @\(122(1)) — Ig[l()fﬁ’d)l)], we want to use Chebyshev’s inequality. We

compute the second moment, which is the same as the variance. The expected

value, by tower rule, equals to 0.
2

& E[Di|F; 1]
& ,%:H iM1+0(1)  ix(1+o(1))
_ CZ” E (D, — E[D|F,-1)(D; — E[D,|F;0)]]
ij=K+1 A?ij(i+o(1))

In case j < 7, by tower rule,
E[(Di — E[Di|Fi1)(D; — E[D;|F;-1)]]
= E[E[(Di — E[Di|Fia)(D; = E[D;|F5-1)]|F5]]
(D; — E[D;|F;_1) is measurable with respect to F;, then we have
E[(D; — E[D;|F;-1)E [D; — E[Dy| Fi1]| F5]] -

This equals to 0, since j < ¢ implies F; C F;_; and we can use tower rule

again:
E [D; — E[Ds| Fi_1]|F;] = E[D;|F;] — E [E[D;|Fi—1]| F]

= E[Di|F;] — E[Dy| F;] = 0.
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Then the sum is only the sum of conditional variances of D;’s, which is simply
the sum of variances, as the D;’s are independent. We earlier gave the bound
VarD; < p+ 1.

2

L b E[Di|Fi_] L E[(D; — E[Di|Fi-1)’)
E i;ﬂ D+ o(1)) ML+ o(1) :iz;l N2(1 +o(1)))
< T Lo+ )i+ o(V).

Then Chebyshev’s inequality yields

NG 9
1
P[> (Di-EIDIF-)| > loglogn - =55(p+ 1)(1+0(1))
(5.1) i=K+1

1 n—,oo

< —— .
~ (loglogn)? !

Which means Z?:@H(Di —E[D;|Fi—1) is w.h.p. o(logn) and tends to 0 devided

by log n.
Z:c\/ﬁ E[D;|F;—1]
i=K+1 iA(1+0(1))

Now to show that

tends to 1, we compute

’\2—';1 logn
SB SR
E[D;|F;_,] = EDEPZ=L L EpE=—L
i—1 i—1

5, g+ ) converges to (mg,7p) and by Janson (......
error term is 0;(1) = i7*/2. Then

R B
It is known that (SH SH) converges to (mg,mp) and by Janson (......) the

E[Di|Fi1] = (p+2)75(1 + 0;(1)) + (p + Dmr(1 + 0i(1))
=N+ 1)1 +0i(1))

Subsituting, we get

Cvn  E[D;|Fi_1] Cyn  (A4+1)(140:(1))
DKl Dte() | DieK41 (o)

- A1
2\

logn

A1
oy logn

Cy/n 14+0;(1 Cy/n Cyn o0;(1
Zi:\§+1 w Zi:\§+1 % Zi:\§+1 E :

1 -1 1
5logn 5 logn 5logn
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Where, introducing a small constant error term ¢ from the integral approxima-
tion,
Sk _ log(Cy/n) —log(K + 1)+ 6
3 logn 5 logn
logC' —log(K 4+ 1) + 0 nosoo
% lo(gn : -

=1+ 1.

1
~1/2_ we can say for a small ¢ < % that o;(1) < i~ 2%,

Since o,(l) is of order 4
Then Zl e oll) < Yo z'_3/2+5 is summable and finite, devided by logn it

tends to 0.

5.1.3. Term Bs. As usual, we split the sum:
(ZZC:\{E Di/Si> /\+1 logn ZK1 Di/S: < o K+1 > /\+1 log 1
= +

)‘2—’;110gn w’é—t\llogn \/W ogn

Since D;/S; < 1, the first fraction is something finite over y/logn and tends to
0.

(Zz K11 Di /S> S5 logn (Zz K+1 ix(1+0(1)) ) 2l Jogn

@/%logn Al ]ogn

Ovi Di E[Di|F oV EDIF) _ an
> \§+1#‘(1))1] (Z =K+1 GA(1+of )) logn

\/ 25 log n 2 Jogn

The nominator Z,-C:\QH —Dli;?l[f;‘g;)‘l]

of order loglogn, hence devided by +/logn it goes to 0.
We also calculated E[D;|F;_1] = (A + 1)(1 + 0;(1)). Then

C\/n E Di .7'-,'_1 Cy/n .
(Zi:@l LI ) Hlogn 54 (zi:@lu +0i(1)) /z) — llogn
\/ 55t log n A \/ 25 log n

_ A+1 Zz W1 1/1— 10?3” n ZZC\Q-H 0i(1)/i
A A+1

was previously proven in (5.1) to be w.h.p

>\+1

logn logn

The 0;(1) terms are the same as before, hence devided by i they are summable,

the second term tends to 0. Using integral approximation and introducing the
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small constant error term ¢,

&L 1 1
Z 1/i —§logn: (6 4+ log(C'v/n) — log(K + 1)) —§logn
i=K+1

=0+1logC —log(K +1)
which is indeed o(y/logn).

5.2. Generation of connecting vertex in SWTV. For the frozen side, we
have to use a different approach, since conditioned on that the connection
happens, the choice of Y is not uniform over the actives. One can calculate (we
will omit this) by law of total probability, splitting by the type of connection
(blue-blue, red-blue, blue-red, left red-right red, right red-left red), that any

TR

active red label in SWTV is chosen with asymptotic probability W(t)_—%,
n 1 TR

2

while any blue label is chosen with asymptotical probability W@)% (We
n 1 R
2

(V)
replaced the fractions QFV)(t"Jru)

o) by their limit, 7g.) However,

Claim 5.2. Conditioned on the connecting vertex having a blue label in SWTY,
asymtotically it is a uniformly chosen particle with a blue label. Same holds
for red: if the connecting vertex has red label, it is uniform over the red active

particles.

Note the difference between being a red label and a red particle: there can

be multiple active particles with the same label.

Proof. Obviously, when we calculate the probability of a blue label being chosen,
we get the same probability for any blue label. (We do not know, hence cannot
use anything specific.) It yields that the label is uniform over the possible blue
labels. Now consider different actives with the same label V;, suppose there is
m; many of them. We call the number m; the multiplicity of the label. Out
of these m; many particles, the connecting vertex is the one with the least
remaining lifetime. The remaining lifetimes are independent Exp(1) random
variables, hence their minimum is uniformly chosen, meaning given the label,

each instance is chosen with probability m% Then a blue particle which has
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multiplicity m; has probability -+ —

1 .
A ) to be the connecting vertex.

We claim that asymptotically, this leads t; a2unif0rm distribution. Corollary
2.19 implies that the fraction of multiple actives tends to 0 (at time ¢, + u,
as n goes to infinity). Hence if we pick an active vertex, it has multiplicity 1
w.h.p., including red and blue instances. (This also implies that asymptotically,
the label has a well defined color and if it is blue, its possible red instances
will not add up to its probability.) Hence asymptotically, we have a uniform
distribution.

The argument is very similar in the case of red. 0

We define the color sets CS; = {R} and CS; = {B}. For a color set CS,
let Acs = Ugecs A, the set of actives with any color from the color set. The
previous claim can be reformalized like this: for both of these sets CS; and CSs,
conditioned on a particle being in Acs,, the particle is asymptotically uniform
over Acs,. Then we can apply Khralamov’s [24] results. He proves that if an
active particle is uniform over A¢g for some color set CS, the generation of
that particle admits a central limit theorem. Also the mean and variance in
this CLT does not depend on the given color set, implying it is the same for
all such color sets.

Note that when we discussed GV)(Y'), we already proved a CLT for the
same branching process, when the particle is uniformly chosen over Ag py,
with mean and variance both % log n. Which means that whether Y is red

or blue in SWTY its generation G(V)(Y) admits a central limit theorem with

A+1

oy 1ogn. This completes the proof.

mean and variance
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