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ABSTRACT. Let D(n,r) be a random r-out regular directed multigraph on the set of
vertices {1,...,n}. In this work, we establish that for every r > 2, there exists 7, > 0
such that diam(D(n,r)) = (1 +n» + o(1)) log, n. Our techniques also allow us to bound
some extremal quantities related to the stationary distribution of a simple random walk
on D(n,r). In particular, we determine the asymptotic behaviour of Tmax and Tmin, the
maximum and the minimum values of the stationary distribution. We show that with
high probability mmax = n 17°® and mpin = n~ "+ - Our proof shows that the
vertices with m(v) near to mmin lie at the top of “narrow, slippery towers”; such vertices are
also responsible for increasing the diameter from (14 o(1))log,. n to (1+n,+o0(1))log,. n.

1. INTRODUCTION

Call a random directed graph D with vertices V(D) = {v1,...,v,} a random r-out
digraph if each vertex in V(D) has out-degree 7, and the nr heads of edges in E(D) are
iid and uniformly distributed over V(D). We allow digraphs to have multiple edges and
loops. It is useful to have a canonical construction: for each pair (i,7) € [n| x [r], let L; ;
be a uniformly random element of [n], and write D(n,d) for the random r-out digraph
with vertex set [n] = {1,...,n} and edge set {(4, L; ;) : (¢,7) € [n] x [r]}.

Given a digraph D, for u,v € V(D) we write dist(u,v) = distp(u, v) for the number of
edges in a shortest oriented path from u to v, or set dist(u,v) = oo if there exists no such
path. The diameter of D is

diam(D) = max{dist(u, v) : u,v € [n],dist(u,v) < co}. (1.1)

Say D is strongly connected if dist(u,v) < oo for all u,v € V(D). An induced subgraph
DIS] of D is a strongly connected component of D if D[S] is strongly connected but for
all §" with S C S’, D[S’] is not strongly connected. Given S C V(D), say that D[S] is
attractive if for all v € V(D) there is a directed path from v to S. It is easily seen that a
digraph can contain at most one attractive strongly connected component D[S].

If D is strongly connected then a simple random walk on D has a unique stationary
distribution m = mp; in this case we write mmax(D) = max{mp(v) : v € V(D)} and
Tmin(D) = min{rp(v) : v € V(D)}, respectively. The diameter, and the values mpax and
Tmin, are natural extremal parameters associated with a digraph. In order to study cases
where D is not necessarily strongly connected, we write Dy = Dy(n,r) for the strongly
connected component of D(n,r) with the largest number of vertices (if there is more than
one such component, Dy is the one whose smallest labelled vertex is minimal).

Let A, = max{\:1—X=e"}, and let

B 1 _ logr
Clog, (1—A)"t—=1  M\r—logr

M (1.2)
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Observe that A, — 1 and 7, — 0 when r — oco0. A sequence of random variables X,
converges to X in probability if for every ¢ > 0, P(|X,, — X| > €¢) — 0 as n — oo. If
X,,/Y,, — X in probability then we also write X,, = (X + 0,(1))Y5,.

The study of D(n,r) was initiated by Grusho, who showed that the size of its largest
strongly connected component satisfies |V/(Do(n,7))| = (1 + 0p(1))Ar - n [17] (we remark
that its size is also the asymptotic size of the giant component in the Erdés-Rényi random
graph G(n,r/n)). Because A, > 1/2 for all » > 2, it follows that Dy(n,r) is with high prob-
ability! the unique strongly connected component of its size. Motivated by the average-
case analysis of algorithms for the minimization of Deterministic Finite Automata (DFA),
Grusho’s result has been recently rediscovered by different sets of authors [6, 10, 11].

The diameter of D(n,r) was first studied by Trakhtenbrot and Barzdin in [32, Theorem
5.5], who showed that for every r > 2 there exists a constant C, > 1 such that with high
probability diam(D) < C; log, n. Since D(n,r) is r-out regular we always have the trivial
lower bound diam(D) > [log, (n — 1)].

In [17], Grusho also showed that the unique largest strongly connected component Dy
is attractive with high probability. More recently, Balle [4] showed that Dy(n,r) is whp
aperiodic, and so Dy is ergodic. It follows that whp, the law of the position of a particle
performing a simple random walk on D(n,r) converges to 7p (. r)-

The contribution of this paper is to determine the first order asymptotic behaviour of
diam(D(n, 7)), Tmax(Do(n,r)) and mmin(Do(n, 7)), as n becomes large.

Theorem 1.1. For every r > 2, we have diam(D(n,r)) = (1 + n, + 0p(1))log,. n and

diam(Do(n,r)) = (1 + 1y + 0p(1)) log, n.

Theorem 1.2. For everyr > 2, we have myax(Do(n, ) = n=11r (D) and w3, (Do(n, 1)) =
n—(+nr)+op(1) |

Remarks.

e The results obtained can be easily transferred to random simple r-out digraphs.
Let Dgim(n,r) be chosen uniformly at random from the set of directed simple
graphs (no loops or multiple edges) with vertex set [n] such that each vertex has
out-degree r. The conditional distribution of D(n,r), given that it is simple, is
precisely that of Dgim(n,r). Furthermore, it is not hard to show (see [24]) that

P(D(n,r) is simple) = e
In particular, this probability is bounded away from zero for fixed r, so any property
that holds whp for D(n,r) also holds whp for Dgy, (n, 7).

e It is not hard to deduce from our arguments that for all u,v € V(D(n,r)), condi-
tional on the event that v € Do(n,r), we have distp(, ) (u,v) = (1 + 0p(1)) log, n.
This shows that the typical distance in D(n,r) is (1 + 0,(1))log, n. The argu-
ment, in brief, is as follows. First, the lower bound is easy by symmetry since
for all w € V(D(n,r)) we have |NZI,(u)| < Z?:o rt < r@t1. For the lower

bound, Proposition 4.2 tells us that if N, (v) > log* n then with high probability
dist(u,v) < k +log, n. By Lemma 6.4 and Proposition 6.5, with k = (loglogn)?,
it follows straightforwardly that P(N, (v) < log*n | v € Do(n,7)) = o(1), and the
result follows. We leave the details to the interested reader.

e The random r-out, s-in digraph D(n,r,s) is defined similarly to D(n,r), but each
vertex chooses s in-neighbours as well as r out-neighbours, all independently and

uniformly at random; see [16]. In particular, D(n,r) 4 D(n,r,0)%. It may be

1Here and for the remainder of the paper, with high probability, or whp, means with probability tending to
1 as n — oo.

2For any two random variables X and Y, we use the notation X 2 Y to denote that the corresponding
probability distributions are equal.
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interesting to consider the diameter and the stationary distribution for D(n,r, s)
when s # 0. One case follows from Theorem 1.1: since the diameter of a digraph
is the same as the diameter of the digraph obtained by flipping the direction of all
the edges, diam(D(n,0,r)) 4 diam(D(n,r,0)). In contrast, studying the station-
ary distribution of D(n,0,r) seems less interesting: typically there will be many
vertices with no out-edges where a simple random walk will eventually become
stuck.

Outline. The paper is organized as follows. We start in Section 2 by discussing our
motivation for addressing these problems and by putting our results in the context of
other models for random (di)graphs. In Section 3 we introduce the notation that will be
used throughout the paper and state some basic concentration inequalities and facts about
branching processes. In Section 4 we finish the proof of the upper bound on the diameter
of D(n,r) (Theorem 1.1) assuming some technical estimates. The breadth-first search
procedure that will be used to explore the graph is described in Section 5. In Section 6 we
study the behaviour of the in-neighbourhoods of D(n,r) by comparing them with Poisson
Galton-Watson trees, while in Section 7 we study its out-neighbourhoods. In Section 8, we
prove the technical estimates, completing the proof of the upper bound given in Section 4.
The proof of the lower bound on the diameter of D(n,r) (Theorem 1.1) occupies Section 9.
We conclude the paper by proving Theorem 1.2 in Section 10.

2. MOTIVATION AND RELATED WORK

One of our main motivations for the study of D(n,r) comes from the analysis of random
deterministic finite automata (DFAs). In this section we describe the particular problem
that leads us to study the diameter and stationary distribution of these objects.

2.1. Learning Random Deterministic Finite Automata. A deterministic finite au-
tomaton (DFA) over an alphabet ¥ = {oy,...,0,} is given by a set V. = {v1,...,v,}
and a function L : [n] x [r] — [n]. We think of the pair (V, L) as specifying a directed
multigraph D with vertices V' and edges {(vi, L(4,7)) : ¢ € [n],j € [r]}; every vertex of D
has out-degree r, and the r edges leaving a vertex v are labeled with distinct symbols from
3. In addition, a DFA is equipped with a distinguished vertex s called the initial state,
and with a binary labelling B : V(D) — {0, 1}; the vertices in B~!({1}) are the accepting
states of the DFA. The DFA is formally given by the tuple Q@ = (V, %, L, s, B).

Let X* denote the set of all finite strings with symbols in ¥. Words w = wiws ... w; € X*
correspond to walks zo(w),z1(w), ...,z (w) on V: xp = s and, for 1 < i < ¢, z; is
reached from z;_; by following the edge with label w;. We write Q(w) = z(w) for
the final state of the walk. The DFA accepts the word w if B(Q(w)) = 1. The set
L(Q) = {w € ¥* : B(Q(w)) = 1} is the language recognized by the DFA. The set of
languages recognized by some DFA are precisely the reqular languages.

To see the connection with random out-regular graphs, observe that we may build a
uniformly random DFA with n labelled states and alphabet of size r as follows. Let D(n,r)
be as in the first paragraph of the paper, using the random variables (L; ; : (4, j) € [n]x[r]).
Then for (7,7) € [n] x [r], let L(i, j) = L; j); equivalently, assign label o; to edge (7, L; ;).
Choose the starting state s uniformly at random from [n], and choose B uniformly at
random from the set of functions f : [n] — {0,1}.

DFAs and regular languages play a crucial role in language theory and there is a vast
literature on algorithms over DFAs, ranging from minimization and equivalence testing,
to synthesis, learning and composition.

Learning regular languages from different sources of information is a prominent problem
in computational learning theory [22], which is most often studied within the context of so-
called grammatical inference problems [15]. A prominent problem in this area concerns the
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possibility of learning regular languages under the probably approzimately correct (PAC)
learning model introduced by Valiant [33]. Roughly speaking, this asks for an efficient
algorithm such that, when supplied with a large enough sample containing iid strings drawn
from some arbitrary probability distribution u on ¥* and labels indicating whether each
string belongs to some hidden regular language, the algorithm outputs a representation of a
regular language (e.g. a DFA) which is close to the hidden regular language in a sense that
depends on the distribution which generated the sample strings. Several results from the
90’s indicate that, in its full generality, PAC learning of DFAs is hard due to complexity-
theoretic as well as cryptographic reasons [21, 28] (see also the recent strengthened result
[12]). A natural question to ask in such a scenario is whether there exists a reasonable
simplification of the problem for which a positive answer is possible. This requires one
to come up with scenarios that rule out the worst-case problems arising from specially
crafted regular languages and distributions over examples appearing in the proofs of the
aforementioned lower bounds.

One possibility is to study the average case. This approach can be formalized by con-
sidering regular languages defined by random DFAs. In particular, one can ask for an
algorithm that with high probability (as the number of the states in the DFA goes to
infinity) can learn the regular language recognized by a random DFA. There exists evi-
dence suggesting that such relaxation might not be enough to achieve efficient learning
in general: it was recently showed by Angluin et al. that generic instances of DFA (as
well as decision trees and DNF formulas) are hard to learn from statistical queries when
examples can be sampled from an arbitrary distribution [3]. Nevertheless, prior to Angluin
et al.’s result it was showed that generic decision trees and generic DNF formulas can be
efficiently learned when samples are drawn according to the uniform distribution [18, 30].

In view of the panorama described in the previous paragraphs, a natural question to
ask is whether random DFAs can be efficiently learned when sample strings are drawn
from the uniform distribution. More precisely, one would like to answer the following sorts
of questions. Fix a uniformly random DFA @ with states [n] and alphabet [r]. Then fix
m € N and let (x;,7 > 1) be iid words sampled uniformly at random from [r]™.

(1) Given the sequences (x;,7 > 1) and (B(Q(x;)),7 > 1), is it possible to construct a
DFA @ that recognizes the same language as Q with high probability?

(2) Given the sequences (x;,7 > 1), (Q(x;)),7 > 1) and (B(Q(x;)),7 > 1), is it pos-
sible to construct a DFA Q that recognizes the same language as @) with high
probability?

In both cases, if the answer is yes then it is natural to ask for efficient algorithms (aver-
age case running time polynomial in n, m, r, and any other parameters involved). The
questions can be weakened by only requiring that Q recognizes the same set of words of
length m. A further weakening is to only require that P(Q(y) = Q(y)) > 1 — ¢ when y is
uniformly distributed over [r]™.

The results in [1] establish that in order to answer the second question, it would be suf-
ficient to understand several specific properties of a random walk on a randomly generated
DFA. When a string is sampled from the uniform distribution over [r|” and is labeled ac-
cording to the state that it reaches, the label immediately corresponds to the final state of
a simple random walk of length m over the DFA starting from the initial state. Thus, the
analysis of the algorithm in [1] relies on bounds on the diameter, stationary distribution,
and mixing time on random r-out regular digraphs. Similar ideas are what led us to the
study of the problems discussed in the present paper.

Several other properties of random DFAs have been studied, both in learning theory and
in other contexts, using the D(n,r) model. For example, first Korshunov’s group, and later
Nicaud’s group, have studied the probability that random DFA exhibit particular struc-
tures, mainly motivated by the analysis of sample and reject algorithms for enumeration
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of subclasses of automata (see [25] and references therein). Motivated by worst-case hard-
ness results for learning a DFA, Angluin and co-authors have used properties of random
DFAs to study the problem of learning a generic DFA [2, 3]. The average-case complexity
of DFA minimization algorithms has also received some attention recently [5, 14]. Fi-
nally, a series of results have led to a solution of the long-standing Cerny conjecture about
synchronization of finite automata in the case of random DFA [7, 26, 31].

2.2. Diameter and stationary distribution of other random graph models. In
this subsection we describe some previous results on the diameter and the stationary
distribution of certain random graph models and relate them to Theorem 1.1 and to
Theorem 1.2. This provides an intuition for the results we have obtained on the diameter
of D(n,r). We consider the following models of random (di)graphs.

e For p € [0,1), G(n,p) is the random graph with vertex set [n] in which every edge
is included independently with probability p.

e For d € N, G(n,d) is the random d-regular simple graph with vertex set [n] chosen
uniformly at random among all such graphs.

e For p € [0,1), D(n,p) is the random digraph with vertex set [n] in which every
oriented edge is included independently with probability p.

For an undirected graph G = (V, E) and u,v € V we write distg(u,v) for the minimum
number of edges in a path from u to v, or set distg(u,v) = oo if there exists no such path.
The diameter of G is then defined just as in (1.1). Bollobas and Fernandez de la Vega [9]
studied the diameter of G(n,d) and showed that for every integer r > 2, we have

diam(G(n,r +1)) = (1 4+ 0p(1)) log, n . (2.1)

The diameter of G(n,p) was recently studied by Riordan and Wormald [29], who showed
that for every constant r > 0, we have

diam(G(n, (r +1)/n)) = (1 + 29, + 0p(1)) log, n . (2.2)

In fact, they proved a stronger result, showing convergence in distribution of the diam-
eter after appropriate recentering and rescaling. The extra term 27, is essentially due
to the existence of “remote” vertices in the giant component of G(n, (r + 1)/n), whose
neighbourhoods are exceptionally small up to distance about 7, log, n.

Our result on the diameter of D(n,r) from Theorem 1.1 can be related to (2.1) and (2.2)
in the following way. Given u,v € [n], one way to determine dist p(,, ;) (u, v) is to perform an
outward breadth-first search (BFS) starting at u, to perform an inward BFS (i.e. following
edges from head to tail) starting at v, and to stop at the first time the two searches uncover
a common vertex. (See Section 5.1 for a careful definition of breadth-first search.) This
technique was used by Bollobas and Fernandez de la Vega in [9]. Since the BFS explores
vertices in order of distance, such a procedure is guaranteed to build a shortest path from
u to v.

On the one hand, in the outward BFS of D(n,r) starting from u, every vertex has
exactly r out-edges when explored. Similarly, in a BF'S exploration of G(n,r + 1), when a
vertex v is discovered via an edge from one of its neighbours, this leaves r edges to unveil
when v is itself explored (unless v is discovered multiple times, which at least at the start
of the BFS is unlikely). Thus, a BFS of G(n,r + 1) looks similar to an outward BFS of
D(n,r).

On the other hand, in the inward BFS of D(n,r) starting from v (or at least near the
start of the process) the number of in-edges arriving at a vertex are roughly distributed
as a Binomial random variable with n trials and success probability r/n. Thus, a BFS of
G(n, (r +1)/n) looks similar to an inward BFS of D(n, ).

The preceding paragraphs suggest that shortest paths in D(n,r) are in some sense hy-
brids of shortest paths in G(n,r + 1) and in G(n, (r + 1)/n). This, together with (2.1)
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and (2.2), provides some intuition for the value of the diameter of D(n,r) from Theo-
rem 1.1: it is the average of the limit values in those formulae.

There is interesting related work on distances in graphs with random edge weights.
We mention in particular the paper of Janson [20] on typical and extreme distances in
randomly edge-weighted complete graphs, and the subsequent work by Bhamidi and van
der Hofstad [8], which establishes distributional convergence for the diameter.

To conclude this section, we discuss the stationary distribution of a simple random
walk in these other models. While in undirected graphs the stationary distribution (if
it exists) is completely determined by the degrees of the vertices, this is not the case in
directed graphs. Cooper and Frieze [13] give a very precise description of the stationary
distribution of D(n,c/n) when ¢ = ¢(n) > (1 + €)logn, for any constant € > 0, and use
their result to compute the cover time of D(n,c/n). It is worth noticing that for such
values of ¢, both the in-degrees and out-degrees are of logarithmic order and concentrated
around their expected values, which turns to be very useful for the analysis. It seems
harder to find an interesting question about the stationary distribution of D(n,c/n) when
¢ = c(n) < (1 —¢€)logn since like in random r-in regular digraphs, typically there are
vertices with no out-edges.

3. NOTATION AND PRELIMINARIES

We write [n] = {1,2,...,n}, N={1,2,...}, and Ny = {0, 1,2, ...}. The notation A C B
allows that A = B; we write A C B for strict containment. Unless we explicitly indicate
otherwise, asymptotic notations will always refer to the case n — co. We omit floors and
ceilings when doing so improves readability. All logarithms are natural unless a subscript
specifies otherwise.

For any two random variables X and Y, we use the notation X 2 ¥ to denote that the
corresponding probability distributions are equal. For random variables X,Y, we write
X XY, and say X is stochastically dominated by Y, if P(X < t) > P(Y < ¢) for all
t € R. We say Xy,..., X are independently stochastically dominated by Yi,...,Y; if
P(X; < t;,1<i<k)>[[, P(Y; <t), for all (t5,...,t) € RF.

3.1. Digraphs. Let D = (V(D), E(D)) be a directed graph. For S, 5" C V(D) let
E(S,S8") = Ep(S,5") = {(u,v) € E!u €eSved}.
Given S C [n], D[S] = (S, E(S,S)) is the subgraph of D induced by S.

Given u € [n] and an integer k > 0, write N,\(D,u) = {v € [n] : dist(u,v) = k}

and NI, (D,u) = UjSkNj'(u). Similarly, let N, (D,u) = {v € [n] : dist(v,u) = k} and
N (D,u) = Uj<p N5 (u). We write N (D, u) = N{ (D,u) and N=(D,u) = Ny (D,u).
We also let d}f (D,u) = |N;" (D, u)|, and define d£, (D, u), d;, (D, u), and d_, (D, u) corre-
spondingly. We write N, (u) = N (D, u), etcetera, when D is clear from context.
3.2. Concentration Inequalities. We write Bin(V,p) to denote a Binomial random
variable with N trials and success probability p. We write Po(r) to denote a Poisson
random variables with parameter r. We also write Ber(p) to denote a Bernoulli random
variable with success probability p.

We will use the following version of Chernoff’s bound for large deviations that can be
found in [19].

Lemma 3.1 (Chernoff’s inequality). For any t > 0 we have
2
P(Bin(N, p) > Np + 1) < ¢ 25775 | (3.1)

and )
t
P(Bin(N,p) < Np—t) <e 2N» . (3.2)
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We will also use Chebyshev’s inequality: for any random variable X and any ¢t > 0,
P(|X —E(X)| > t) < %, where o = E(X?) — E(X)2.

3.3. Trees and branching processes. In any rooted tree, we view edges as oriented
from child to parent. Fix a rooted tree 7" with root v = v(T"). Then for all v € V(T),
N~ (T,u) is the set of children of uw. For uw # v, let p(u) = pp(u) be the parent of
win T, so NT(T,u) = {p(u)}. For k > 0, let T< be the subtree of T induced by
NZ (T,v) = {u € V(T) : distr(u,v) < k}; we view T<j, as rooted at v. Also, write
T, = N, (T,v) = {u € V(T) : distr(u,v) = k}.

A plane tree is a rooted tree in which the children of each node have a left-to-right
order. Given a plane tree T', there is a canonical labelling of V(7T') by distinct elements
of {0} UU,>; N, as follows. The root v has label {); its children are labelled from left to

right as 1,...,|N~(T,v)|. Given u € V(T}) with label wiws ... wy, the children of u are
labelled from left to right as (wy ... wgi, 1 < i < |N—(T,u)l).
Conversely, given a rooted tree T' with ¢ vertices and an ordering of V(T') as vy, ..., vy,

say w € V(T') has index j if w = vj, for 1 < j <t. We view V(T') as a plane tree using
the convention that the children of each vertex are listed from left to right in increasing
order of index. If V(T') C N then we always use the ordering inherited from N. Thus, for
a rooted tree T with V(T') C N, and a plane tree T', we say T' and T" are isomorphic, and
write T = T, if T and T” are identical when viewed as plane trees.

Finally, fix a non-negative, integer-valued random variable £&. A Galton- Watson tree with
branching mechanism ¢ is the random, potentially infinite family tree 7¢ of a branching
process started from a single individual, in which each individual reproduces independently
according to £ (i.e. the number of offspring of each individual has the distribution of ¢).
The random tree 7¢ is naturally viewed as a plane tree; see [23] for details and a careful
construction. If ¢ is Po(r) distributed we call 7% a Poisson(r) Galton-Watson tree.

4. THEOREM 1.1: UPPER BOUND

In this section we describe our proof technique for the upper bound in Theorem 1.1,
and prove the theorem assuming two technical estimates. For the remainder of the section
let D = D(n,r) and write d,_(v) = d, (D,v), N (v) = N, (D,v) etcetera.

In order to derive an upper bound on the diameter of D we first show that for any fixed
vertex v, with high probability the in-neighbourhood N, (v) is either empty or large for k
slightly larger than 7, log, n.

Lemma 4.1. Fiz v € [n], let ko(v) = min{k : d (v) & (0,log*n)}. Then for every
e € (0,1/10), there exists 6 > 0 such that

P (ko(v) > (1 +€)log,n ordZy (V) > log” n) — O(n-(+0)y.

Next, if v € [n] has N*(v) = {v} (i.e., if all edges leaving v are self-loops) then call
v a loop verter. Let Fgr, be the event that D contains some loop vertex. Each vertex is
independently a loop vertex with probability n™", so

P(Eg)=1—(1—n"")" =0(n'™). (4.1)

Note that if » > 3, the probability of a given vertex being a loop vertex is O(n=3).
This bound is small enough that it would allow union bounds over pairs of vertices, which
would simplify some proofs. Since we aim to prove our result also in the case r = 2, we
need to be a bit more careful in our computations.

Proposition 4.2. Fiz k,n € N and u,v € [n]. Let Ex = {d; (v) > log* n,d_p(v) <
log" n}, and fiz a graph H with v € V(H) C [n] such that P(D[NZ,(v)] = H, Ey, Egr) > 0.
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Then
P(dZSt(uv N;k;(v)) > logr n-— logr 10gr n7E75L ’ D[N;k(v)] = H) = O(n_3) )
the preceding bound holding uniformly over k and over all H satisfying the above conditions.

We prove Proposition 4.2 in Section 8. In the remainder of the section, we finish the
prove of the upper bound from Theorem 1.1, assuming Lemma 4.1 and Proposition 4.2.

Proof of the upper bound in Theorem 1.1. Fix e > 0. We show that P(diam(D) < (14n,+
€)log, n) =1—o0(1). Since diam(Dgy(n,r)) < diam(D(n,r)), the same bound immediately
holds for Dy(n,r).
Let k* = (0, + €)log, n and let £* = log, n — log, log, n. By (4.1) for every r > 2, we
have that P(Esy) = O(n™1). So
P(Ju,v € [n], dist(u,v) € (k* + £*,00))
<O + Z P(Ju € [n], dist(u,v) € (K* + £*,00), EsL) .

vE[n]
Define ko = ko(v) as in Lemma 4.1, and let £ = {ko < k*,d_; (v) < log” n}. Then by
Lemma 4.1,
P(Ju € [n], dist(u,v) € (K* + £*,00), Esr)
<P(E, Esy) + P(3u € [n], dist(u,v) € (k* + ¢*,00), E, Esy)
=0(n~49) 4 P(Ju € [n], dist(u,v) € (K* + £*,0), E, Es1,) ,

Now let H be the set of graphs H with v € V(H) such that P(D[N_, (v)] = H, E, Egp) > 0.
Then

P(Ju € [n], dist(u,v) € (k* + £*,00), E, EsL)

< sup P(Ju € [n], dist(u,v) € (k* + £*,00), Es, | DJ Ng, ()] =H)
HeH

< sup Z (dist(u, v) € (k* 4 £*,00), Esr, | DINZ,, (v)] = H) .
HG’H
For each H € H there is a (non-random) constant k = k(H) such that if D[NZ; (v)] =
H then ko = k(H), so the events D[N_; (v)] = H and D[N_(v)] = H are identical.
Furthermore, given that D[N_, (v)] = H we either have d, (v) =0 or d (v) > log*n. In
the latter, if D[NZ, (v)] = H then Ej occurs, so P(D[NZ,(v)] = H, Ey, EsL) > 0, so we
can apply Proposition 4.2 (with k = k(H) = ko). In both cases we obtain

(v)] = H)
(V)] = H)

P(dist(u,v) € (k* + £*,00), Esy, | D[N.
=P(dist(u,v) € (k* + £*,0), Esy, | D[N.
=0(n™?),
and conclude that

IP’(EIu v € [n], dist(u,v) € (k" + £*,0))

+ > 0 )+ 3 o) =0(n™).

ve[n] u,v€[n]

<ko
<k

It follows that with high probability diam(D) < k* + ¢* < (1 + n, + €) log,. n. O
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5. BREADTH-FIRST SEARCH AND CONDITIONING

In this section we describe the breadth-first search (BFS) procedures, which are funda-
mental to our analysis, and use them to prove a handful of stochastic domination results
for neighbourhood sizes in D(n,r).

5.1. Outward and inward breadth-first search. Fix a digraph D together with an
ordering of its vertices V(D) as (vi,...,v,). The outward breadth-first search (oBFS)
starting from node v € V(D) is a deterministic process ((R; (D,v),S; (D,v)),i > 0),
defined as follows. At time 4, Rj = Rj(D,v) is the set of explored vertices and Sf =
Sf (D, v) is the sequence of discovered but not yet explored vertices; S is treated as a
first-in first-out queue. Node w € V(D) has index j if w = v;.

Begin with Rj = 0 and Sj = (v). Now fix ¢ > 0 and suppose (R, S;") are already
defined. Step i of the process is defined as follows. If S = (s;1,...,s;;) has positive
length then write uf = uf(D,v) = s;1 and C;f(D,v) = N*(D,u) \ (Rf US}). List

the elements of C;r (D,v) in increasing order of index as w;1,...,w;; it is possible that
k = 0. Then set

R;’:—l = R:_ U {Si,1}7 and Sz—:-l = (Si72, ceey S5, Wiy .- ,wi,k).
In words, at step ¢, u:r = s;,1 is explored, and wj 1,...,w;} are discovered and added to

the back of the queue for later exploration. If S;” has zero length (i.e., S = ()), then
S{:l = S and R;jrl =R;.

Writing it = ¢"(D,v) = min{i : S}, = S}, then R} (D,v) is precisely the set
of vertices w with distp(v,w) < oco. The oBFS tree T+ (D,v) has root v and vertices
R;+(D,v); the children of s;; are precisely the vertices wj 1, ..., w;  newly discovered in
step i. We write T (D, v, m) for the subtree of T (D, v) with vertices R} (D, v)US;} (D, v).
Note that if S, (D, v) has length ¢ then its elements are precisely (u;;_H-(D, v),0 <i <),
because 0BFS explores these vertices before any others. We therefore have R} (D,v) U
SH(D,v) = {uf (D,v),0 <i<m+ L},

In the inward breadth-first search (iBFS) process ((R; (D,v),S; (D,v)),i > 0), the
sets C; (D, v) and the terminal time ¢~ = ¢~ (D, v) are defined in just the same manner
but exploring in-neighbourhoods rather than out-neighbourhoods to discover vertices; in
particular R,_ (D, v) = {w : distp(w,v) < oo}. We also write T~ (D, v, m) for the subtree
of T~(D,v) with vertices R, (D,v) U S, (D,v).

Observe that using the notation from Section 3.3, we have T, (D,v) = N,/ (D,v) and
T, (D,v) = N, (D,v) for all k.

5.2. Conditioning on neighbourhoods and the BFS exploration in D(n,r). We
next describe the effect of iBFS on the law of D(n,r). For the remainder of the section
we write D = D(n,r) and fix v € [n]. We write N, = N, (D,v), u; = u; (D,v),
T~ (m)=T7"(D,v,m), etcetera. Informally, the point of this section may be summarized
as follows: if vertex u; is discovered at step j then all we know about w; is that it has
an edge to u; and has no edges to u; for £ < j. We now state and prove some useful

stochastic identities and inequalities which result from this.

Lemma 5.1. Fiz m € Ny. Conditional on ((R;,S;),0 < i < m), independently for all
w € [n] we have

|E(w, R, US,) 4 Bin <r, n|b:m’ >
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ifwé R, US,,,
Sl

n—m

.
1+Bin<r—1, )j|E(w,RmuSm)!51+Bin<r—1,m+|m‘>
n

ifwe R, US, \{v}, and |E(v,R,, US,)| 4 Bin (r, %)

Proof. Recall the canonical construction of D = D(n,r) from the introduction, and for
each z,y € [n] let p(z,y) = min{q : Ly 4 = y}. Then p(z,y) < r precisely if there is a copy
of the oriented edge zy in D(n,r), and otherwise p(z,y) = cc.

Now fix w € [n]. Suppose w ¢ R, US, ; then there are no edges from w to R,,. In
other words, for each 1 < j <, we have L, ; € R;, = {u; ,0 < i < m}. It follows that
the conditional law of |E(w, R,, U S;,)| given (R, ,0 < i < m) and (5, ,0 <i < m)is
Bin(r, |S;,|/(n — |R;,|)). The result follows in this case since |R;,| = m.

Now suppose w € R, U S, \ {v}; then the parent pp-(,)(w) lies in R, so satisfies
pr—(my(w) = u; for some 0 < j < m. We have pp— () (w) = u; precisely if w has no edges
to {u; :0 <4< j} but has an edge to u; ; equivalently, p(w,u; ) = oo for each 0 < i < j,
and p(w,u; ) = k for some 1 < k < r. The heads of the first (k — 1) out-edges from w
are then uniformly distributed over [n] \ {u; : 0 <1i < j}, and the heads of the r — k last
out-edges from w are uniformly distributed over [n]\ {u; : 0 < i < j}.

The index j is determined by ((R;,S; ),0 <i < m). Given that w € R;, U S, \ {v},
we thus have
B U S| = (G +1)

W (1)
Since 0 < j < m, and |R,,| = m, the second claim follows. The argument when w = v
is similar but easier. Finally, the independence asserted by the lemma follows from the
independence of the random variables (L, : (w,p) € [n] x [r]). O

14+Bin <’r -1,

R-US-|—3
) < |E(w, R,,US,.)| < 1+Bin <’r -1, ’mm’]> .

n—1>

For the next corollary, recall that d_; = [N_;[ = [N_;(D,v)|.

Corollary 5.2. Fiz j € Ny. Conditional on (N; ,0 < i < j), independently for all w € [n]
we have |E(w, NZ,)| £ Bin(r,dZ;/n) if w = v, |E(w,NZ;)| £ Bin(r,d; /(n — dZ;_,)) if
w ¢ NZ;, and

d: dz.
1+Bin|r—1,—— | 2 |E(w,NZ;)| < 1+Bin |r—-1,—=
n—do; =J n
ifwe N\ {v}.
Proof. Apply Lemma 5.1 at time m = dejyq- O

Corollary 5.3. For all j,q,p € Ny, given that d; =q and d;j =p, d;_H 4 Bin(n—p,1—
(1= g/(n—p))") and dj,; = Bin (r(n - p), ).

Proof. If w € [n]\N_; then E(w, N_;) = E(w, N;). By Corollary 5.2, the number of edges
from w to N, then has conditional law Bin(r,q/(n — p)), so is non-zero with probability
1—(1—g/(n—p))". The distributional identity follows since |[n] \ N_;| =n—d_; =n—p.

Next, note that Bin(m,1 — (1 — x)") is stochastically dominated by Bin(rm,z). To
see this, observe that the former is the number of columns containing at least one 1 in an
r X m matrix whose entries are iid Ber(z) random variables, while the latter is the law
of the number of ones in such a matrix. The pigeonhole principle then yields the second
claim of the lemma. O
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Recall that C; (D,v) = N~ (D,u; )\ (R; US;") is the set of vertices discovered at step
i of iBFS.

Corollary 5.4. Fizi,q € {0,1,...,n}. Conditioned on |S; (D,v)| = q, we have

\C[(D,v)\gBin<n—i—q,1— <1— ! > > :
n—i

We omit the proof since it is very similar to those given above.
The next lemma formalizes the intuitively clear picture that it is unlikely for the early
stages of iBF'S to encounter a fixed, small subgraph of D not containing the starting vertex.

Lemma 5.5. Fiz a digraph G with V(G) C [n] and v ¢ V(G). Fiz s € N and let
io = inf{i: |R; US; | > s}. Then

r(s+ 1)|V(G)]
n—|V(G)|—s’

Proof. Since |R; | = i, we clearly have ig < s+ 1. Writing 7 = inf{t : (R; US; )N V(G) #
()}, the probability we aim to bound is thus at most

P((R;,_1US;,_1)NV(G) #0|DIV(G)] =G) <

10—1

P(r <ig | D[V(G)] = G) =Y P(r =i,y >i|D[V(G)] = G)
=0

<Y P(r=ilig>i,7>i,DV(G)]=G)
=0
Given that D[V (G)] = G, there are 7|V (G)| — |E(G)| edges from V(G) to [n] \ V(G);
the heads of such edges are uniformly distributed over [n] \ V(G). For ¢ > 0, given
that (R,_; US,_;) NV(G) = 0, the heads of these edges are uniformly distributed over
]\ (V(G)UR,_;US,_;). Thus,

B((R] UST)NV(G) # 0| AL, ST, DIVIG)] = G (B, UST,) NV(G) =)
r|V(G)
S VIO - R USl

since, in this situation, the only way that (R, US; ) N V(G) # 0 is in the case that some
edge with tail in V(G) has as a head the vertex u,_,.

Given that ig > ¢ and 7 > ¢ we indeed have (R,_; U S, ;) N V(G) = (), and also have
|R; US| <s,s0P(r=1i|ig>i,7>1DV(G)=G) <r|V(G)|/(n—|V(G)| —s). Using
this bound in the above sum, the result follows. O

Finally, we require the following, rather simple result for oBFS.

Lemma 5.6. Fiz m € Ng. Conditional on R}, and S}, independently for all w € [n]\ R,
we have

|E(w, R}, USH)| = Bin(r, (IR | + [S)h])/n) = Bin(r, (rm + 1) /n).
Proof. We omit the proof of the first inequality, which parallels that of Lemma 5.1. For
the second, note that |R;, US| < rm + 1 since D is r-out regular. O
6. IN-NEIGHBOURHOODS: TECHNICAL LEMMAS

In this section we gather a few basic estimates that describe the size and structure of
in-neighbourhoods of vertices in D = D(n,r).
The following result controls the growth of the in-neighbourhoods in D(n, r).
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Proposition 6.1. For all o > 0,
P <Hv € [n], 35 = 0 such that d; (v) > (r+ o) log? n) =0(n™?).
Proof. Fix v € [n]. We prove that
P <E|j > 0 such that d; (v) > (r + o) log? n) =0(n7®); (6.1)
a union bound over v € [n] then proves the proposition.

For j >0, let E; = {d; (v) < (r + a)7 logZn}. Then

P (Elj > 0 such that d; (v) > (r + @) log? n) =P (U?Zlfj) < Z]P’(E | Njrei Ejr) .
j=1
(6.2)

By Corollary 5.3, for every p > ¢ and every a > 0,

Pd; (0) 2 0| dy3(0) = sz, ,(0) =) < B (Bin (s(a =), 1) > a)

Note that r(n—p)- n—gﬂ-q < rq. Set a = (r+a)? log?n, and observe that if F;_1 occurs then

d;i_1(v) =g <qo:= (r+ )i~ log? n. Finally, for such ¢ we have a = (r +a)qo > (r +a)g,
SO
P(Ej | Nji<jEyr) = P(d; (v) > a | Ny Ey)
< sup P(d;(v) >a | d;_1(v) =q 23;1(”) =p)
9<qo,p -
< sup P(d; (v) > rqg+aq|d;_ (v) =q,d; (v) =p)
4<qo,p h
a2q2 9
S sup 6_2(T'+a/3)q — efﬂ(lOgr n) — O(nfﬁ) ,
4<qo
where we used the Chernoff bound (3.1). Using this bound in (6.2) proves (6.1). O

The next lemma controls the probability that the sequence (d, (v),k > 1) exhibits a
large decrease in value for relatively small values of k.

Lemma 6.2. Fizv € [n]. Uniformly in k < 0.991og, n and w > log®n, we have
P(d;k(v) > w?, d,(v) <w) = O(n™3).

Proof. Fix k and w as above, and v € [n]. Let 7 = min{j : d; (v) > w?/k}. If dop(v) > w?

and d, (v) < w, then 7 <k, so

P(d_,,(v) > w?, dy (v) < w) = P(d;,(v) > w?, dj; (v) < w, 7 < k)

<) Pd;(v) > w? [k, dy (v) <w) . (6.3)
Let 0 = min{i > 7: d;;(v) < d; (v)}. For any j <k, if d; (v) > w?/k and d; (v) < w,
then o < k, so

P(d; (v) > w?/k,d; (v) < w) <P(d; (v) > w?/k, 0 <k). (6.4)
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Now fix a > 0 small enough that (r +a)* log% n < n%9 for n large; this is possible by our
choice of k. Also, for £ € Nlet B, = {Vi < £,d; (v) < (r+a)'log?n}, and let £ = Nes1 Ee-
By Proposition 6.1, we have P(E) = O(n™%), so for all 1 < j < k — 1,
P(d; (v) > w?/k, 0 < k) <P(E)+P(d; (v) > w?/k, 0 <k, E)
k—1

<OMn™H+Y P(d;

s (v) > Wik, o =1, E)

<O+ ) P, (v) > w/k, d,(v) <dj (v), Ep)
¢

J

)_I

+ P(dy,,(v) < dj (v) | d; (v) > w?/k, Eg). (6.5)
J

On E; we have d_,(v) < (r + )it IOgr n < (r+a)* logr n < n099,
Now fix 0 < ¢ < p < n%%% and let X be distributed as Bin (n —p,1-— (1 B n_ngq)T).
Using that (1 —z)" <1 — iz + (4 )x for x € (0,1) and 7 € N, for we have

(e | _,, . (=pm-p-"30
(n—p+q)?

rq
E(X) > (n—p) (n_pw—n_pw

3 2
>rq.<1_m>>;q,

the last inequality for n large since p < n Now write go = w?/k and py = (r +
a)*log, n < n%9%. By Corollary 5.3 and the Chernoff bound (3.2), we have

P(dy,, (v) < dj (v) | dy (v) > w?/k, Ex)
< swp  P(d,(v) < d; (v) | d; (v) = ¢.dy(v) = p)

q0<q<p<po

0.999

< sup  P(dyy,(v) < qldy(v) =gq,dgy(v) =p)

q0<q<p<po
< sup P(X <g)
q0<q<p<po
< swp P(X <E(X)-(2r/3- 1))
q0<q<p<po
___@r3-1)2¢%
< sup e 20aF@/3-Da/3) < e 18r+2,
q0<q<p<po

in the last line using that » > 2. Finally, g0 = w?/k > log?n, so e~ %/(187+2) — O(n=%),
Combining the preceding inequality with (6.3), (6.4) and (6.5) yields
k—1k—1

P(d,(v) > w?, dy ) <D0 P(dyy, (v) < dg (v) | dy (v) > WPk, E)+O(kn ™)
j=1 t=j
<OK*n™ =0(n™?). O

The next lemma compares the law of 7'~ (v) to that of a Poisson(r) Galton-Watson tree.
A similar result, in the setting of undirected graphs, can be found in [29, Lemma 2.2].

Lemma 6.3. Let r > 2 and let T be a v-rooted plane directed tree where all edges point
to the root. Suppose that |V(T")| < n/2. Then, for any k > 0 we have

P(T2,(D,v) = T') = LIV /Mp(T = 1)
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where T is a Galton-Watson branching tree whose offspring is Poisson with parameter r.

Proof. Fix k € Ny and a plane tree T” of height at most k, and write ¢ = |V(T")]. Recall
the canonical labelling of V(1”) with labels from @ U J;~; N’ introduced in Section 3.3.
Consider the iBFS procedure on 1" started at its root v. To make sense of this, we must
specify the order in which the children of a vertex u are added to the set of discovered
vertices. We use the left-to-right order: so if u is explored at step i (i.e. u; (T",v) = u)
then the rightmost child of u is the last element of S; (17, v).

Let a; = |C; (T",v)| be the number of children of u; (T”,v), and let s = |[V(TZ,_,)| be
the number of vertices of 7" at distance at most k — 1 from the root. In order to check
if T<j(D,v) and T are isomorphic, it suffices to perform s steps of the iBFS exploration
from v in D. We then have

P(T_,(D,v) = T') =P (|C; (D, v)| = a;,0 < i < s)
1

Ss—

~TIr (\C;(D,v)\ = a; | |C5 (D,v)| = aj,0 < j < z)

=0
s—1 i—1

=[P (Ic; D.v)=ai|IS; (D) =1+ (a; —1) | ,
=0 7=0

where the last line is due to the symmetry of the model.
Writing ¢; = 1 + ZZ-;B(CL]' — 1), by Corollary 5.4 we then have

P(IC; (D, )| = ai | [S; (D, v)| = ai)

L L

Pl it (L Y1y
n—1 n—1

Now let 7 be a Poisson(r) Galton-Watson tree; write p for the root of 7. Build T via
iBF'S starting from p. In this manner, we may couple 7 with a sequence (§;,7 > 0) of iid
Po(r) random variables so that for 0 < i < |V(T)| we have |C; (T, p)| = &. It follows
that

s—1 s—1 i

_ T
P(%kgT/):P(ﬂf:(} gl:al):H]P)(&:aZ):He ra"
i=0 i=0 v

Using that 1+ x < e*, this gives

1 (n qi—a; Z)
PUCT (D.v)] = s | 17 (Do) = ) _o(se) n—i =g (1= )

n—i—q;

P(& = ai) (n — i) e "
o aitel
= e (niz*qi) .

Since i + ¢; <t < n/2, Zf;ol a? < t2, and s < t, we have
-1

2 s—1 2 2
qz'—i.-ai gzt+ai:0 L ‘
n—i—gq = n/2 n

s

It follows that

P(Tg_k(D7,U) = T/) _ 51:[1 P(|C;(D7U)| =0 | ‘S;(D7U)| - qi) _ eO(tz/n)
P(T<k =T7) P(& = ai) '
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Lemma 6.4 ([29], Lemma 2.1). Let T be a Poisson(r) Galton-Watson tree. There exist
constants ¢, C > 0 such that for every w > 2 and k > 1 we have

c-min{(r(1 — \) %, 1} < PO < |Ti| <w) < C(r(1 = X)),
where k' = |log, w|.

Recall that the probability of survival in 7 is P (Z ko0 [Tkl = oo) € (0,1). Essentially,

the preceding lemma states that given the branching process survives for the first k£ gen-
erations, the probability that |7x| < w decays exponentially in k (provided that w is small
enough with respect to k). The final and principal result of this section is to prove a
corresponding bound with d; (v) in place of |Ty|.

Proposition 6.5. For every v € [n], k < 0.991og, n and login < w < nl/
P(0 < d; (v) <w) = (1+0(1))P0 < |Tg| <w) +O(n~?) .

Proof. Write Z, = [T|. We first prove an upper bound on P(0 < d, (v) < w). By
Lemma 6.3,

PO<d;(v)<w)= Y  P(T<x(D,v)=T)
{T":|T}|€(0w)}

O(|V<T’>\2
>

" )P(Tgk =T') +P(d_y,(v) > w?,d; (v) € (0,w))
{T’:\T]/C\G(O,w)
IT/|<n1/3}
(1+o0(1)P(0 < Z), < w) +O0(n™3)

where in the last inequality we used Lemma 6.2.
We now turn to the lower bound. A similar argument to that above gives

IN

IN

k
P(0 < dj, (v) <w) > (1+0(1)P0 < Zp <w) =P Z; > w’, Z < w).
§j=0
Bounding the second probability is straightforward. First, fix j < k and a,b € N. Given
that Z; = a, by the branching property, each of the a subtrees of 7 rooted at a node
in 7; survives independently with probability p := P(|7| = o0). Note that p > 0 is
independent of n. But Zj is at least the number of such subtrees which survive, so
P(Z, <b| Z; = a) <P(Bin(a,p) <b).

Finally, if E?:o Z; > w? then maxo<j<x Z; > w?/(k +1). In other words, letting
jo = inf{j : Z; > w?/(k + 1)}, we must have jo < k. It follows from the preceding
paragraph (conditioning on the value of jo < k) that

k
P> Z; > w? Z), <w) < P(Bin(w?/(k +1),p) <w) = O(n"?),
§=0

the final inequality by a Chernoff bound since w?/(k + 1) > wlog®n. The proposition
follows. U

7. OUT-NEIGHBOURHOODS: TECHNICAL LEMMAS

Recall that Egp, is the event that D contains no loop vertices. As in the statement of
Proposition 4.2 we now fix k € [n], let E = {d (v) > log*n,dZ, (v) < log" n}, and fix a
graph H with v € V(H) C [n] such that P(D[NZ, (v)] = H,E, Egr,) > 0. It is useful to

write B = N, (H,v); note that this is a deterministic set since H is deterministic, and on
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D[N_,] = H we have N; (v) = B. Let i =n — |[V(H)| + |B|. By the assumptions on H
we have 72 > n — log” n + log* n.
For any event A, write P/(4) = P(A | D[N_,] = H). The following fact describes the

distribution of D under P¥. Tts proof follows from straightforward considerations and is
omitted.

Fact 7.1. Given that D[N_,| = H, the conditional distribution of D(n,r) is that of the
graph D defined as follows. First, D|V(H)] = H.

Neat, independently for each w ¢ V(H), let Ly = (L1, .-, Lw,) be a vector chosen
uniformly at random from the n" vectors (si,...,s,) € (([n]\V(H))UB)". Then for each
i € [r] add a directed edge from w to Lu,.

Finally, for w € V(H), let t,, = r — |Eg(w, H)|; this is the number of edges with tail
w and head not in H. Independently for each w € V(H), let Ly = (Luw1,- .-, Luws,) be
a vector chosen uniformly at random from ([n] \ V(H))", and for each i € [t,] add a
directed edge from w to IA/wJ-.

For the remainder of the section, fix u € [n] and write N} = N;(u) \V(H), d; = |N;|.
We continue with a simple lemma.

Lemma 7.2. We have PH(df < 5, NX;(u) NV (H) = 0, Esz) = O(n™?)

Proof. If Nt (u) NV (H) = 0 then di = dZ. In this case, since r > 2, it is a simple
combinatorial exercise to check that if also df < 5then D[NX,] has at least two more edges
than vertices. For any fixed digraph D with at least two more edges than vertices and with
no self loops, it is easily seen that P (D[NZ,] D, Ni(w)NV(H) =0)=O0(n"®). (This
is not true for digraphs with self-loops if » = 2; the probability v itself is a loop vertex
is O(n™?) and in this case df = 0.) The number of isomorphism classes of digraphs with
diameter at most 5 and maximum out-degree r is bounded, and the result follows. O

We next show that with high probability, each generation N7 is approximately r times
larger than the last, until j is nearly (log" n)/2.

Lemma 7.3. Let o = inf{i > 5:df <7 °+5}. Then PH(5 < o < (log, n)/8) = O(n?).

Proof. Fix j > 5. If d5 > 5 and dj, | > rd; — 4 for every 5 < i < j, then by induction
d}f > ri=5 1 5. We thus have

j j—1

P(5 <o <j) <P (d; >5[ J{ld;] <0+ 5}) < P(dpy, <rdf - 4).
i=5 i=5

Now fix 5 < i < j. Condition on N%,, and recall that the random variables {Ly, , : w €

N7, m € [r]} are the heads of edges from vertices in N;. Reveal the values of these random

variables one-at-a-time; say a conflict occurs if Ly, ., € N2, UV (H) or Ly m = Ly for

a previously revealed Lyy . If df ; < rdf — 4 then at least 4 conflicts occur.

Under P# | the random variables Ly, ,, are independent and uniform over ([n]\V (H))UB.
When Ly, is revealed there are less than "2 + |B| locations that can cause a conflict,
since [N%;, 1| < 72, so the probability of a conflict is less than (r"*2 + [BJ)/7. The set
{Liym : w € Nf,m € [r]} has size at most 7+!, and |B| < log” n; it follows that

PH(dr,, < rdf —4) <P (Bin(r't!, (v + |B|)/7) > 4)
<ri+1> (ri” + log” n>4 < C(r¥ +log®n)

<

~

4 n n ’
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where in the last inequality we used that 7 > n —log’ n. For j < (log, n)/8 we thus have

J Jj—
) 1
pH (d;—; > 5, | J{ld] < i +5}) Z G Og "n) _ O(n=3). O

=5

The third lemma of the section shows that out-neighbourhoods continue to grow rapidly
until they reach size close to n/logn.

Lemma 7.4. There is C' > 0 such that for all i with r* < n/log, n — 2log" n,

27"2 el 2
P <dleog§n,df+1§rdf- <1_logrn>> < e ClogTn

Proof. We have

22
P (a4 2 gt iy < v (1- 20 ))
log, n

H * * 27’2 *
< sup  PY(di <rdf-(1- |di =a| .
a€llogd n,ri+1] log, n

Condition on NZ;, and reveal the random variables {Ly,, : w € Nf,m € [r]} one-at-

a-time as in the previous proof. When L, ,, is revealed there are less than ri 2 1+ |B|
locations that can cause a conflict, so under P the probability of a conflict is at most
(r'"*2 + |B|)/f. If df, < rdf —t then at least t conflicts occur, so we obtain

272 rit2 4| B 2r3a
<rd!- — * = < i
(dz 11 <rd; <1 g n> | d; a) <P <B1n (ar y ) og. 1 )

Using that r* < n/log,.n — 210g7n and that |B| < log"n and 7 > n — log’n, it is
straightforward to verify that ar(r*t? + |B|)/A < r3a/log,.n. A Chernoff bound then
gives

2
P (1 <0 (1= o) 0 =) < o3 om) < o€,
og, n

for some constant C’ = C’(r). The latter inequality follows since a > log3n . g

The following is an easy consequence of the preceding lemma, and concludes the section.

Corollary 7.5. Let 5* = 3log, log,. n+ 5 and let £* =log, n —log, log, n — 1. Then there
are ¢,C > 0 such that

cn 2
o dr. > logln, dj. < < e Clog™n,
log, n

log n

Proof. 1f d; > logln and di,, > rd; - (1-
log, n — 4log, log, n — 6 we also have

9p2 \U—" 9,2 \ logrn—1 —2r2
(1_ r ) = 1og3n><1_ r ) " egin>
log, n log, n rblog;n r log, n

) then d7,; > log‘;3 n. Since {* — j* =

_9,2
where we used that (1 —b/2)*"! > 7. With ¢ = %, it follows from the preceding

inequalities that if d}. > log? n but dj. < cn/log, n then there is i € [j*,£* — 1] such that
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dt > log?n and di  <rd;- (1 — 102g”"2n>. By Lemma 7.4, there exists some C’ such that

*—1

2
H * 3 * cn H * * 2T
P (d].* > log? n, dj. < 1og,,n> Z P (d > login, d},, < rd; ( logrn)>
< (ﬁ* _]*) . e—C’log n
< efCloan ’ ]

for some constant C < C".

8. UPPER BOUND ON THE DIAMETER

In this section we prove Lemma 4.1 and Proposition 4.2 from Section 4. Throughout
the section, we fix u,v € [n].

Proof of Lemma 4.1. It suffices to prove the lemma assuming e < 1/10. Let k* = (9, +

€)log, n, and let § = 55. An easy computation shows that n, < 4/5 for every r > 2, so
k* < 0.9log, n. Recall the definition ko = ko(v) = min{k : d, (v) & (0,log*n)}. If ko > k*
then 0 < d.(v) < log* n, so by Lemma 6.4 and Proposition 6.5 we have

P(ko > k*) = P(0 < d;. (v) < log*n)
o(1))C - (r(1 = A))F o884 O (n %)

( aogr<r<1—m>><m+f+0<”)mT") +0(n™?)

< (1+
O
O( —(1426+0(1 ))long) + O(n—?))
O

( (1+5)> ’

where we used that 1 +log, (1—\,) = —n; . For all i < kg we have d; (v) < log*n,
so if ko < k* then d_j _,(v) < k* log*n < logbn. In this case, for n large, to have
dy, (v) = log” n we must have " (log”n)/2. Tt follows by Corollary 5.3 and a Chernoff
bound

I IA

B(ko < k", dz,, (v) > (log n)/2)

< sup sup  sup P(dy,(v) > (log"n)/2 | di (v) = g,d,(v) = p)
k<k*—1 g<log* n p<log®n -

<P(Bin(rn/2,2log* n/n) > (log” n)/2)
Se—(log7 n)/8

Combining the two preceding bounds, the lemma follows. O

The proof of Proposition 4.2 occupies the remainder of the section. Let 7 = min{j >
1: N;"(u) N Neg-(v) # 0}, so in particular dist(u,v) = 7 + k.

Lemma 8.1. Fiz e > 0 and let 7/ = min{j > 1: |Nj+(u) \V(H)| > en/logn}. Then for
n large,

PH(r > 7' 1) = rlog’n
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Proof. First,
P(D[NZ,(v)] = H,7 > 7 +1)

=Y P(DIN_,(v)] = H, DINZ,(u) \V(H)] = F,7 > ' +1)
F

=S P(D[NZ,(v)] = H, DINZ,,(u) \ V(H)] = F)
a

-P(r > 7'+ 1| D[NZ,] = H,DINZ_,(u) \V(H)] = F).

where the sums are over graphs F with V(F) NV (H) = 0, such that v € V(F) and such
that, for some ¢ > 0, V(F) = ;o N} (F,u) and ¢ = min{i : [N;"(F,u)| > en/logn}.
We now bound the final probability. Under such conditioning, the out-edges from NTJC
are uniformly distributed over ([n] \ V(H)) U B. There are more than r(en/logn) such
out-edges; to have 7 > 7/ + 1 the heads of such edges must all avoid B; so

’B‘ > r(en/logn)

n

4 er(n/logn)
< (1 _log n)

B(r > '+ 1| DINZ,(v)] = H, DIN,,(u) \ V(H)| = F) < (

)

n
the last inequality since |B| > log*n and 7 < n. Using that 1 — z < e~7 this gives

]P’(D[N;k] =H,7>7+1)< e—€rlog’n ZIP’(D[N;k(v)] = H, D[N;,(u) \V(H)|=F)
F
< e~TI8 "P(DINZ, (v)] = H).
The result follows. O

Proof of Proposition 4.2. Recall that we set £* = log, n — log, log, n — 1, and the notation
Ny = Nj+(u) \ V(H), d; = [N7| from Section 7. Once n is large enough that £* +1 > 5
we have

P (dist(u, N_j,(v)) > €41, Bsr) = P7 (dist(u, N_ (v)) > £ +1, N2 (u)nV (H) = 0, Bs),

and we focus on the latter probability. It is convenient to use the shorthand E = {N. ;’ 5(u)N
V(H)=0}N EgL.

Now take ¢ € (0,c), where ¢ is the constant from Corollary 7.5. and let 7/ be as in
Lemma 8.1. Then by that lemma,

P (dist(u, N2, (v)) > € + 1, E) < PH (7' > (5 E) 4 e~ 108"

We bound the second probability by

PH (" > ¢*, E) <PH (7 > 17, dje > log®n) + IP’H(d;f* <log’n, E).
The first term on the right is at most e~ Clog’n by Corollary 7.5. We further divide the
second as

PP (ds. <log)n, E) < P (di. <log)n,di >5)+P"(di <5,E).
Recall that o = inf{i > 5 : df < ri=° +5}. If dj. < log? n then dj. < r3" =3, if also
di > 5 then 5 < 0 < 5*. Lemma 7.3 then implies that the first probability on the right is
O(n~?). By the definition of £ and by Lemma 7.2, the second probability is also O(n~3).

Combining all these bounds we obtain P (dist(u, N2, (v)) > ¢* + 1, Eg) = O(n™3), as
required. - O
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9. LOWER BOUND ON THE DIAMETER

In the same spirit as in the previous section, we write k* = k*(n,e) = (n, — €¢/2) log, n
and ¢* = (*(n,e) = (1 — €¢/2)log, n. In order to derive a lower bound on the diameter of
D we will show that for every e > 0 there exist u,v € [n] such that dist(u,v) > k* + £*.
Together with the proof in Section 4, it concludes the proof of Theorem 1.1.

Definition 9.1. For v € [n], let k1 = ki(v) = min{k : d; (v) > log*n}; this is oo if
d, (v) < log?n for all k. A vertex v is an e-flag (or simply a flag, if € is clear from context)
if k1 € [k, 00), [N, (v)] < log” n, and D[NZy, (v)] is a tree. We write I = F(e) C [n] for
the set of e-flags. -

The condition that D[N_; (v)] is a tree means that along any shortest path from N,_ (v)

to v, at each node w there are (r — 1) possible “wrong turns” that lead to [n] \ N;_(v).
We will use this when bounding 7, in Section 10.

The first lemma shows that whp there are no flags outside Dy = Dy(n, ), the attractive
strongly connected component of D(n,r).

Lemma 9.2. For every e > 0, P(F(e) \ V(Dp) # 0) = o(1).

Proof. Fix € > 0 and write F' = F'(¢). If Dy is attractive then with high probability every
vertex v with max,¢p,) dist(u,v) < oo satisfies v € V(Dy). Since Dy is attractive whp [17],
in order to show P(F C V(Dy)) =1 —o(1), it suffices to show that whp, for all v € F' and
u € [n] we have dist(u,v) < co.

Let 7 (v) be the set of digraphs T with v € V(T) and V(T) C [n] such that if
D[NZ, (v)] = T then v is a flag. By the definition of a flag, all the elements of 7 (v)

are rooted at v. If D[N (v)] =T then N_; (v) contains no loop vertices. It follows that
7 (v) is precisely the set of graphs T" such that P(D[N_; (v)] =T,v € F, Esp) > 0.
For T' € .7 (v) we thus have

P(D[NZ, (v)] =T v € F,Egp) = P(D[NZ, (v)] = T, Egr,).
It follows that
P(Ju,v € [n] : v € F,dist(u,v) = 00)
<P(Esp)+ »  P(ve Fdist(u,v) = oo, Esp,)

u,v€n|

P(Esy) + Z Z P(dist(u, v) w,maD[N;kl (v)] =1T)
u,v€n| TET

We bound the inner sum by writing

) P(dist(u, v) = o0, Esr,, D[N, (v)] = T)
TeT
=) P(DIN, (v)] = T) - P(dist(u,v) = o0, Eg, | DINZ,, (v)] = T)
TeT
< sup P(dist(u,v) = oo, Esr, | D[N. <y (V Z P(D[NZ,, (v)] =T)
TeT Te
< sup P(dist(u,v) = oo, Esr, | D] <k1( v)]=T),
TeT
the final bound because a sum of probabilities of disjoint events is at most one.
Now fix T' € 7 and write h = h(T) for the height of T (i.e., the greatest number of
edges on a path ending at the root v). Observe that if D[N_; (v)] = T then ki = h(T).
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We thus have the equality of events
{DING,, ()] =T} n{v e F} ={D[Ng, (v)] = T} = {D[Ng,(v)] = T}

If DIN_, (v)] = T then the event Ej, = {d}, (v) > log? n,d_p,(v) < log" n} from Proposi-
tion 4.2 occurs (since in this case v is a flag), so

{DINZ,(v)] = T} = {DINZ,(0)] = T} N B,
so P(D[NZ, (v)] = T}, Ep, Est,) > 0. It follows by Proposition 4.2 that P(dist(u,v) =

0, Es, | D[N, ()] =T) = O(n=3). Using this bound, the result follows from the two
preceding inequalities and the fact that P(Egy) = O(n'~") = O(n™1). O

We now provide a lower bound for the probability that a fixed vertex is an e-flag.

Lemma 9.3. For € > 0 sufficiently small, there is 5 > 0 such that for n large, P(v €
F(e)) >nf~1.

Proof. We assume n large throughout. Given a tree T, let ki(T) = inf{k : |Ty| >
log*n}, let A(T) be the event that |Tj-| € [elog®n,log®n], let B(T) be the event that
max;<g« |T;| < log®n, and C(T) be the event that k; < k* 4 5log, logn and |T},| < log® n.
(We may view a deterministic tree as a random tree in the same way as we may view a
constant as a random variable, so it is reasonable to call A(T'), B(T) and C(T) events
even if T' is deterministic.)

We first bound the probability that A, B and C' occur for a Poisson(r) Galton-Watson
tree 7. If € is sufficiently small then by Lemma 6.4 there is @ > 0 such that

P(A(T)) > a(r(1 — A,))* losrlog’n
> o8 (r(1=Ar)) (0 —¢/2-0(1)) log, n

a,r—(l—e/2v7r—o(1)) log, n

Y

aﬂ,,f(lfe/Q) log,. n

v

_ ane/Q—l ’

where we used the value of k*, that log, (r(1 — \,)) = —n, ! and that 7, < 1. Next, if
B(T) occurs then let i < k* be minimal such that |7;| > log®n. In order for A(T) to
additionally occur the number of descendants of 7; alive at time k™ must be less than
log® n. Writing p for the survival probability of a Poisson(r) branching process, it follows
as in the proof of Proposition 6.5 that

IP’(A(T),W) < IP’(Bin(log6 n,p) < log® n) < n=3,

the last inequality by a Chernoff bound.

To bound the probability of C(7), let N = N(7) be the number of vertices in Ty~ with
at least one descendant in Tg« 510, logn; if Tir = () then N = 0. If C(T) does not occur
then one of the following must occur.

(a) N < log®n.

(b) N >log®n but ky > k* + 5log, logn.

(¢) |Tr,| > log® n.
If A(T) occurs then |Tg-| > elog®n, so by the branching property (i.e. the independence
of subtrees rooted at elements of Ti+), we have

P(A(T), N < log?n) < P(Bin(elog®n,p) <log?n) <n™>

for large n, by a Chernoff bound. Next, to have k; > k* + 5log, logn, every vertex in
T, must have fewer than log?n descendants in Tk +510g, logn, S0 by Lemma 6.4 and the
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branching property we have

P(N > log?n, ki > k* + 5log, logn) < (P(|Ts 10, logn| € (0,log* ))&’ ™

log?n

IN
/\

510gr log n—log,. log* n)

2
log log n) log=n

IA
/‘\

| /\

for large n, the last inequality because r(1 — )\T) < 1. Finally, by the Markov property and
the definition of k1, writing Po(t) for a Poisson(¢) random variable, we have

P(|Tr,| > log’n) < sup P(Po(rm) > log®n | Po(rm) > log* n)
m<logtn

< P(Po(rlog’n) > log® n —log*n) .

Standard estimates for the Poisson upper tail (see, e.g., [27], Lemma 1.2) then yield
P(|Tx,| > log® n) < n~3. Combining these bounds, we obtain that, for n large,

P(A(T), B(T),C(T)) <P(C(T) | A(T),B(T)) < 3n~3.
Combining inequalities, and choosing 5 > 0 appropriately, yields
P(A(T), B(T),C(T)) = an/?>7' —4n™% > 3n"~1.

Now, if A(T), B(T) and C(T) all occur then [T<,| < k*log®n < log” n, so we may use
Lemma 6.3 to transfer our bound from the Poisson(r) Galton-Watson tree to the tree
12, (v). We obtain

(0] 14’fl
P(A(TZ,, (1)) B(T%, (v)), C (T, (v) = (1 ro(*® )) P(A(T), B(T),C(T))

n

> onP1 .
Given that A(T;, (v)), B(T<, (v)) and C(TZ,, (v) all occur, in order to have v € F(e) it
is sufficient that D[N_ (v)] is a tree, i.e. that D[N_; (v)] =T, (v).
Finally, when A(T;, (v)), B(TZ,, (v)) and C(TZ; (v)) all occur we have [V(T; (v))] <
log” n. By Corollary 5.2, in this case for each element u € V(T;k1 (v)), the probability
that there is a non-tree edge u to V(T (v)) is at most (r log” n)/n. It follows that

T 10, 1471
P(A(TS, (1)), B(TZ, (), O(T5, (1), DING, (0)] # T, (0)) < 28 < ot

The result follows. g

The next lemma is our key tool for controlling joint probabilities of in-neighbourhoods
of distinct vertices.

Lemma 9.4. Fiz u,v € [n| and trees T,T’, with roots u and v, respectively, and with
V(T)uV(T) C[n] and V(T)NV(T") =0. Then

2 |2
P(DINZ, (w)] = T, DINZ, ()] = T') = <1 o <n s |(§(>'T,)| N n|y(|7v1<);>|>>

P(D[N,(w)] = T) - P(D[N_jy ()] = T').
Proof. Recall that T; is the i-th generation of tree T. Write h and h’ for the respective

heights of T and T”, and t and t’ for their respective sizes. In order that D[N_, (u)] = T,
it is necessary and sufficient that the following events occur. -
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e For each x € V(T) \ {u}, there is an edge from z to pr(z) in D; call this event
A1 (’LL7 T)

e There are no other edges within D[V (T)]; call this event Ay(u,T).

e There are no edges from [n] \ D[V(T)] to V(T) \ Tj; call this event As(u,T").

Note that Ag is independent of Ay and As, so we have

(9.1)

n

n — r(n—t)
P(D[NZ,(u)] = T) = P(A (u, T), As(u, T)) - (H|Th|> |

We now consider two such events simultaneously. Observe that if 77 has root v and height
B, and V(T')NV(T) = 0, then A;(u, T)N A2(u, T) is independent of Ay (v, T')N Az(v, T").
We thus have

P(D[N,(w)] =T, DN, (v)] = T')
=P(A;(u, T), As(u, T)) - P(A1 (v, T"), Ao (v, T"))
-P(As(u, T), A3(v, T') | A1(u, T), As(u, T), Ay (v, T"), Az (v, T")). (9.2)

Given that A;j(u,T) and As(u,T) occur, there are precisely 1+ (r— 1)t edges leaving V(T),
and the heads of these edges are uniformly distributed over [n] \ V(T'). The conditional
probability no such edges have head in V(7") \ T}, is

n—t—t 4T\
n—t '

Similar considerations for edges leaving V(T”) and edges with tail in [n] \ (V(T)UV(T"))
yield the identity

P(Ag(u, T), Ag(v, T,) | A1 (’LL, T), Ag(u, T), A1 (’U, T,), A2 (’U, T’))

_(4 v ’T’,‘ 1+(r—1)t . +_ ‘Th| 1+(r—1)¢ . t+ v ’Th‘ - ‘T//‘ r(n—t—t')
B n—t n—t n '

Combined with (9.1) and (9.2), straightforward arguments give
P(DIN_y,(u)] = T, DIN_y, (v)] = T")

-(1+0 (5 + 1) oz ) = 1) BONZ ) = 1) C

n—t n-—t

Corollary 9.5. For distinct u,v € [n| we have P(u,v € F) < (14 0o(1))(P(u € F) +
log!®n/n)P(v € F).

Proof. We first divide according to whether or not N, )( u) N N;kl(v)( v) is empty:
P(u,v € F)
=P(u,v € F,N<_]C ( )( )ﬁNgk v)( v) #0) +P(u,v € F, N<k (u)( )ﬂN;kl( )( v) = 0).

We start with the first term on the right. If v € F' then |[N_ ( )| < log"n, so by

<ki(v)
symmetry
log7n
Plve Fue N, (v)( v)) < . -P(v e F).
Next, by conditioning on N_ <hy (v)( v) we have
P(u,v € FugN_ )(v),N<k (u)( )mN<_k1(v (v) £ 0)
< 3 B(DINZ,, ) ®)] = T) - Blu € F,NZ, () NV(T) #0 | DINS, , ()] = T).

{TeT(v):
ugV(T)}
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In order to bound the final probability, first fix T" as in the supremum and suppose that
D[N<_k1(v) (v)] = T. Consider the iBFS procedure starting from wu. Recall that at step 4,

R, is the set of explored vertices and S; is the set of discovered vertices. Let ig = min{s :

|R;US; | >log" n}. If u € F then |N<k( (u)] < log” n, sotohaveN;kl(u)(u)ﬂV(T):@

it suffices that (R; _; US; ;)N V(T) = 0. Since [V(T)| < log” n, by Lemma 5.5 we thus
have

r(log’n + 1)log" n
n—2log"n

B(u € F,Nz,, () N V(T) £ 0| DINZ,, ) ()] = T) <

Together with the two preceding displayed equations, for n large this gives
P(u,v € F, N () (W) N NGy (v) # 0)

7 7 7
Slog n-IP’(veF)—i— Z P(DN- (v)]:T)_r(log n+1)log'n
n <k1(v) n—2log"n
{TeT (v)ugV(T)}
1 15
< Ogn " pwe F), (9.3)

the last inequality since
> P(DINZ, (@] =T) =P(v € Fug N, (v)]) -
{TeT (v)ugV(T)}
We now turn to the case that N (u) and N w )(v) are disjoint. We have

P(u,v € F, N (u)( u) N N;kl(v)(v) =0

)
= Z P(D[Nle(u)( )] =T, D[N;kl(v) (U)] = T/) .
{(T,T"ET (u)xT (v):
V(T)NV (T")=0}

—(1+0 log™ n P(D[N- —T)-P(DIN= — T
= + n Z (DI §k1(u)<u)]_ ) - P(D] Skl(v)(v)]_ ),
{(T,T"ET (u)xT (v):
V(T)NV(T")=0}

the last line by Lemma 9.4. (Although k1 (u) and k1 (v) are random, by the same argument
as in Lemma 9.2 we may replace them by the deterministic values h(7T) and h(T") without
affecting the probability, so Lemma 9.4 indeed applies.) Summing over all pairs (T,7T") €
T (u) x T (v) gives an upper bound, so we obtain

P(u,v € F,Ng; )( )ﬂN<k1( (V) =0)<(1+40(1))P(ue F)P(veF).
Together with (9.3) this completes the proof. Il
Corollary 9.6. For all e > 0, P(F(e) =0) = o(1).

Proof. By Lemma 9.3 and linearity of expectation there is § > 0 such that E(|F]|) =
nP(1 € F) > nf. Next, by Corollary 9.5, for n large we have

E(F*)= Y Pu,veF)

= n(n[—] P(1,2€ F)+nP(1 € F)
< (14 o(1)n(n—1)P(1 € F)(P(2 € F) +1log'® n/n) + nP(1 € F)
< (14 o(1)(nP(1 € F))? + (nlog®n)P(1 € F)
= (1+0(1))(nP(1 € F))%.
The result follows by Chebyshev’s inequality. g
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Proof of the lower bound in Theorem 1.1. Fix e > 0 and write k* = (n, —e/2)log, n. Sup-
pose that Dy is attractive, that |[Do| > n/2, and that F'(¢) C Dy. Suppose also that for
allw € [n] and j > 0, d_;(w) < (r+¢€)’ log? n. Under these assumptions, if v € F(¢) then
v € Dy. Furthermore, d;k*(v) <log"n so for all j >0,

dopeyj(0) < (r+ €)7 log? n.

Writing jo = inf{j : V(Do) C NZ., ;(v)}, it follows that (r+€)70 log? n > n/2. Provided ¢
is chosen small enough, for n large this implies that jo > (1 —3¢/2)log, n, so there is some
node u € V(Dy) with dist(u,v) > k* 4+ (1 — 3¢/2) log, n = (1 + 1, — 2¢) log,. n. Altogether,
this yields

P(diam(Dg) < (1 + . — 2¢) log, n)
<P(Dy is not attractive) + P(|V (Dy)| < n/2)
+P(F(e) =0) + P(Qv € F(e) \ Do) + P(Fw € [n],j > 0:d; (w) > (r + €)7log?n)

The first two probabilities were shown to tend to 0 in [17]. The third tends to 0 by
Corollary 9.6, the fourth by Lemma 9.2, and the last by Proposition 6.1. As € > 0 was
arbitrarily small, the lower bound on diam(Dy) follows; since diam(D) > diam(Dg) so
does the lower bound on diam(D). O

10. THE STATIONARY DISTRIBUTION

In this section we prove Theorem 1.2. Recall that Dy = Dy(n,r) is the largest strongly
connected component of D and that with high probability Dy is attractive [17] and er-
godic [4]. Write Tmax = Tmax(Do) and Tmin = Tmin(Dp). Also, write X = (X, k > 0) for
simple random walk on D = D(n,r).

It is important to distinguish the randomness of the graph D from that of the walk X.
For v € V(D) = [n], write P, for the (random) probability measure under which X has the
law of simple random walk on D with Xy = v, and E, for the corresponding expectation
operator. It is handy to have a concrete description of X under P,, as follows. Recall
that D has edges {(i, L; ;), (4, j) € [n] x [r]} (this is the “canonical construction” from the
introduction). Let (Ug,k > 0) be independent and uniformly distributed over {1,...,r}.
Then set Xo = v and for k > 0 let X1 = Lx, v,-

10.1. Bounding mpax. Fix k£ > 1 and view D[N_, (v)] as a maze, which a random walk
attempting to reach v must navigate. The maze entrances are the elements of N, (v), and
the treasure lies at v. Suppose that the random walk follows an edge e from NZ, (v) to
its complement. After following the edge, the random walk’s position has distance greater
than k£ from v. Since the distance to v decreases by at most one in a single random walk
step, this means that in order to reach v after leaving N_, (v), the random walk must pass
through N, (v): it must restart at one of the maze entrances.

With the preceding paragraph in mind, for positive integer h we say that D[N_, (v)] is
h-hard if for every directed path P from N, (v) to v within D[NZ, (v)], we have

#{u € V(P),|E(u, N2, (v))| = 1} > h.

Perhaps more picturesque: the maze is h-hard if no matter what entrance is chosen, along
any potential path to the treasure there are at least h locations where only a single direction
stays within the maze; the other (r — 1) possibilities deposit the searcher outside of the
magze walls.

For S C [n] let 7¢ = inf{k > 0: X} € S} and let 75 = inf{k > 0: X € S}.
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Lemma 10.1. For k > 1, if D[N_; (v)] is h-hard then
1

h +)
Py (%}\Ngk(v) ST )
Proof. If the maze is h-hard then from any v € N, (v),

—h
P, (TU < T[n]\Ngk(”)) <r " (10.1)

To see this, simply note that in order to have 7, < TI\N=, (v) the walk must visit at
<k

m(v) <

least h vertices w € NZ,(v) with |E(w, NZ (v))| = 1. But for such a vertex w we have

P, (X 1 €N <_k(v)> = 1/r and the inequality follows by the Markov property.

We now use that

1
a(v) B, (7)) 2 By (TJ | Thnvz, ) < T ) Py (T[n]\N;k(v) <7l ) :

Let K be the number of visits to IV, (v) before the walk visits v. Since the inequality (10.1)
holds for all u € Ny~ (v), it follows that for all w € [n]\N_; (v) we have Ey, (1,) > Eq (K) >

r". Therefore

r o<t > i > rh
B (7 o0 S ) 2 Butm) 2

and the result follows. O
Lemma 10.2. Fiz § > 0 and let £* = (1 — §)log, n. Then

P (INZe ()] =0 7/2) = O(n ™).

Proof. Choose o > 0 small, and let A be the event that for all k¥ > 0 and all v € [n] we
have d; (v) < (7 +a)¥log® n. By Proposition 6.1, we have P(A) = O(n™*). Assuming o is
small enough with respect to J, we also have

Z*
INZp (v)] = dZpe(v) = Zd;(”) < (r+ ) 1og2n < nl=%2,
k=0

B(INZ,. ()] > n'~2) < B(NZ,.(v)] > n'~9/2 | A) + P(A) = O(n™*) . O

Proposition 10.3. Fiz 6 > 0 and let £* = (1 — §)log, n and h = (1 — 2))log, n. Then

P| () DINZ.(v)] is h-hard | =1—0(n"?).
vel]

Proof. Recall from the introduction that D = D(n,r) has edges {(i, L; ;) : (4, ) € [n]x[r]}.
Fix v € [n]. For each k > 1let T, = T_, (D, v) be the iBFS tree of D[N, (v)] described
in Section 3. For w € [n], w # v let Y(w) = |E(w,NZ,.(v))| — 1, and let Y (v) =
|E(v, NZ,.(v))|. Observe that there may be multiple edges from w to a vertex u € Nt (w),
so Y (w) may not equal [N (w) N NZ,.(v)| - L

For w # v, the parent of w in T<_e: lies in N*(w) N NZp_1(v) C NZp(v), s0 Y(w) >0
for all w € NZ,.(v). The key insight of the proof is that if D[Ngg*(v)]_is not h-hard then
there is some simple path P in D[N ~p«(v)] from N, (v) to v along which at least |P| — h

vertices w have Y(w) > 0. To show that P(D[N_,.(v)] is not h-hard) is small it thus

suffices to show that with high probability no such path exists.
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The sets {Y(w) : w € NZ,.(v)} are conditionally independent given 7~ < ¢*. Further-
more, given 1_,., by Corollary 5.2 we also have Y (w) < Bin(r — 1, |INZp.(v)|/n) for all
w € N_y(v).

Let A be the event that |[NZ,.(v)| < n'™%2 For S C [n], it follows that on A the
random variable B(S) = [{w € S : Y (w) > 0} is stochastically dominated by Bin(|S|, (r—
1)n=%2). Furthermore, by Lemma 10.2 we have P(A) =1 — O(n™%).

We would like to conclude as follows. Let S be any path from 7. (the last generation
of TZ,.) to v. The arguments of the preceding paragraphs suggest the bound

P(B(S) > |S| — h | A) < P(Bin(|S],rn~%/?) > |S| — h) < 2!5(rn=0/2)ISI=h,

On A we have |Tj.| < |TZ,.| <n'7%2, so there are less than m - r! paths of length ¢ from

T,. to v. Now use the preceding inequality and a union bound over paths of length ¢ and
over t > (*.

To make the preceding argument rigorous, we need to deal with the fact that the set of
paths from T, to v are random (even conditional on 7)., as such paths may follow edges of
D[N_,.(v)] which are not edges of 7}.). To do so, condition on T_,., fix w € T;, = N,.(v)
and a string s = s182...8; € [r]’ of length |s| = t. This string uniquely specifies a path
P = P(w,s) = (pi(w,s),0 <i<t)in D: at step i follow the s;-th edge leaving the current
vertex. Formally, we let pg = w and, for 1 <1 <¢, let p; = Ly, | .

We reveal the path P edge-by-edge, starting from w. By the independence of the
sets Y (u), for each 0 < i < t, given that the sub-path py,...,p; is simple (in partic-
ular p; € {po,...,pi—1}) then Y(p;) is conditionally independent of po,...,p;—1 and of
Y(po),...,Y(pi—1). It follows that

P(Y(p;) >0 | T<g=, A, (po,...,p;) simple path in D[NZ,.(v)], (Y (p;),j < 1)) < rn%/2

By repeated conditioning, we obtain
P(P(w, s) is a simple path in D[N;e* (v)], B(P(w,s)) >t —h | T<,A)
<P(Bin(t,rn"%?) >t — h)
<2 (rn8/2)th |

Now let A, (t) be the event that there is a simple path P of length ¢ starting from w and
staying within D[NZ,.(v)], for which B(P) >t — h. All possible such paths are described

by a string s € [r]%, so by the preceding inequality and a union bound,

b —sjanin (2%

Since ¢* — h > §logn, this yields that

P du(t) | Tepes 4 | <200 22!
U U4® | T<, —nné(f*—h)/QZ ) =0 )-
wEN; (v) t2* >0

Since P(A) = 1 — O(n~?) this bound also holds unconditionally. But, as described in the
first two paragraphs of the proof,

{DINZ,.(v)] is not h-hard} ¢ | ) | Auw(®),
WEN x (v) 2%

so P(D[NZ,.(v)] is not h-hard) = O(n™*). A union bound over v € [n] completes the

proof. O
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Before proving our bounds on my,x we require one final result, which says that with
high probability there is at least one escape route along each path from ngg o gn(v) to v,
for all v.

Lemma 10.4. Forv € [n] let E, be the event that each path from Nyog 1Ogn(v) to v contains
at least one verter w with [N™(w) N NZ,. (v)| = 1. Then

P| () E | =1-0mn?).

vEn]

Note that the event E, is not the event that D[N_j .,.,,(v)] is 1-hard: in E, we

require the vertex w to send the searcher not outside of D[NZ) ..., ()] but rather out of

the larger maze D[N_,.(v)]. The proof of Lemma 10.4 follows the same lines as that of
Proposition 10.3 but is simpler, and is omitted.

Theorem 10.5. For every € > 0, with high probability we have

1 1
Egﬂ-maxgﬁv

Proof. The lower bound holds deterministically since >, ¢, m(v) = 1.
To prove the upper bound, fix v € [n] and § € (0,¢/2). Write ¢* = (1 — J) log, n, and
TSE* == ng* (D, U).

First, note that if NT(v) \ NZoglogn (V) # 0 then P, <X1 & N;loglogn(v)) > 1/r. We
have
S]P)(’Ng_loglogn(v)’ 2 nl/g) + P(N+('U) \Ng_loglogn(v) = @ | ‘Ng_loglogn(v)‘ < n1/3)
=0(n™%) + O(n~*?),
the first by Proposition 6.1 and the second by Corollary 5.2.
Next, if the event F, from Lemma 10.4 occurs then for all w & N;loglogn
have P, (T[n]\N;@* () < TU) > 1/r. By the Markov property, it follows that if NT(v) \

Nloglogn (V) # 0 and Ey, then

(v) we

Py (7o) S70) 2 %Pv (%1 # Noiogiogn(®)) >

By the preceding paragraph and Lemma 10.4, we thus have P, (T[n]\ No. < Tt ) > 2

<ex
with P-probability 1 — O(n=%/3).
Finally, if in addition D[N_,.(v)] is h-hard then by Lemma 10.1 we obtain that m(v) <

rh=2 < (1 + o(1))n~(1=29). By Proposition 10.3 we thus have m(v) < (1 + o(1))n~ (=29
with probability 1 — O(n~%/3). A union bound over v € [n] then completes the proof. [J

10.2. Bounding myi,. We bound 7y, from below using the following lemma.

Lemma 10.6. Let D be any r-out reqular digraph. If D is ergodic and has diameter
diam(D) < d, then
1
Tmin = m .

Proof. Fix v € V(D). For any k € [d] and v € N (D, v), let K(u,k) > 1 be the number
of directed paths of length k£ from u to v. Observe that the probability of following each
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k

such path is precisely r—", since D is r-out regular. Furthermore, since 7 is stationary, it

satisfies
)z 3w S 5

ueEN, (v) uEN, (v)

By averaging over k € [d] we have
1 1 —7(v)
>3 Z Z e

the last inequality since diam(D) < d so izl N, (v) = V(D) \ {v}. The lemma follows.
O

Theorem 10.7. For every e > 0 we have
1
e = Tmin S S
with high probability.
Proof. Fix € > 0 small. It is a straightforward consequence of Theorem 1.1 and Lemma 10.6
that mmin > n~ (779 with high probability. It remains to show that i, is small with
high probability.

Let k* = (n, — €¢/2) log, n, and recall from Section 9 the definition of the set F' = F(¢)
of e-flags. In particular, if v € F(e) then D[N_,.(v)] is a tree. It follows that if v € F(e)
then D[N_,.(v)] is k*-hard.

Let A be the event that mpax > n~(=¢/6) By Corollary 9.6, P(F = ) = o(1), and by
Theorem 10.5, P(A) = o(1). Therefore

P(amin > 1~ =) = P > n~ =) F £ 0 A) +0(1). (10.2)

Fix v € [n], and for u € [n] let K(u) be the number of paths of length £* from u to wv.
Using the stationarity of m we have

u€(n|
If v is a flag then D[N_,.(v)] is a tree, K(u) = 0 for v ¢ N,.(v) and K(u) = 1 for
u € N, (v). In this case we also have |N,.(v)| < log’n. Finally, on A we have 7(u) <
n~(1=¢/6) On the event {v € F} N A, we thus obtain the bound

1 log" n 1
_ ) L, —(1—€/6) g
m(v) < [N ()] - 3= - i N I e

In other words, on A, every vertex v € F deterministically satisfies 7(v) < n~(tmr—e) g
in this case if F' is non-empty then my, < n~ 1+ =) Tt follows that the probability on

the right of (10.2) is zero, so P(mpin > n~ (17 =9) = o(1), as required. O

Proof of Theorem 1.2. The theorem is now an immediate consequence of Theorems 10.5

and 10.7. ]
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