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ABSTRACT: We derive an expression of the form ¢ In n+o(In n) for the diameter of a sparse random
graph with a specified degree sequence. The result holds asymptotically almost surely, assuming that

certain convergence and supercriticality conditions are met, and is applicable to the classical random
graph G, , with np = ©(1) + 1, as well as certain random power law graphs. © 2007 Wiley Periodicals,

Inc. Random Struct. Alg., 31, 482-516, 2007
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1. INTRODUCTION
The diameter of a graph is the maximum distance between two vertices in the same

component. We derive an expression of the form
clnn + o(Inn)

for the diameter of a sparse random graph with a specified degree sequence. Our result holds
asymptotically almost surely (AAS) for any degree distribution that asymptotically satisfies

certain sparseness and convergence conditions similar to those imposed by [17, 18] in the
analysis of the size and degree distribution of the largest connected component of such a ran-

dom graph, as well as a supercriticality condition which guarantees that a giant component —
that is, a connected component of size ® (n) — is AAS present. This includes sparse “power
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THE DIAMETER OF SPARSE RANDOM GRAPHS 483

law” distributions which have received considerable recent attention (e.g. [1]), as well as the
Poisson distribution, which corresponds to the random graph G, , with constant expected
degree.

Diameter results of such precision for sparse random graphs were known earlier only
for regular graphs of constant degree [6]. Weaker results (to within a constant factor)
were known for the diameter of sparse G, , [8] and random “expected-degree” power
law graphs [16]. A recent paper on inhomogeneous random graphs [7] includes diame-
ter results which generalize the G, result of the present paper in a different direction.
A slightly different derivation of diameter results in this paper, with a stronger proba-
bilistic guarantee (1 — n®" rather than 1 — o(1)) can be found in the first author’s PhD
thesis [11].

For the random graph G,,, with expected degree d = np > 1, we derive an expression for
the leading constant ¢ as a function of d. This function can be characterized asymptotically

by ¢ = 3Tn—"f]l)asal—> land c = ﬁ—i—%—i—O(l;‘—f) as d — oo. This resolves the open

problem, posed in [8], of whether the diameter of G, 4/, satisfies 1':—[’;(1 + o(1)). We also
show that, for all d > 1, the diameter of G, 4/, is AAS equal to the diameter of its giant
component, thus resolving another open problem from [8].

The proof of the diameter result involves tracing the rate of neighborhood expansion
during a breadth-first search (BFS); as such, our argument bears some resemblance to the
arguments used in previous diameter papers including [8] and [16]. However, rather than
perform BFS on the entire graph, we restrict our search to edges in the 2-core (defined as the
maximal induced subgraph of minimum degree at least 2), as well as any edges connecting
a particular vertex to the 2-core. Our argument thus relies heavily on results about the size
and degree distribution of the 2-core of a random graph, which have been derived by several
authors including [9, 12, 14].

Performing BFS in the 2-core is advantageous in that each vertex has degree at
least 2, and therefore there are no “dead ends.” It follows that neighborhood sizes during
2-core BFS are generally nondecreasing, and this property facilitates the analysis of the
neighborhood growth, particularly for small neighborhoods. As a result, we are able to
attain relatively simple and tight bounds on worst-case neighborhood growth, which in turn
lead an asymptotic expression of the form clnn + o(Inn) for the diameter of a random
graph.

Our main theorem (Theorem 5.1) yields a method for computing the leading constant
¢ in the above expression, as well as an intuitive interpretation of the resulting formula.
Briefly, the leading constant can be expressed as ¢ = 2c¢; + ¢,, where ¢, In n is the “average
distance” between vertices in the giant component (or in the giant connected 2-core), while
c1 In n is the maximum distance separating any vertex in the graph from the 2-core. A typical
longest shortest path connecting vertices u, v will consist of a path of length ¢ Inn from
u to the 2-core, a path of “average” length ¢, In n across the 2-core, and a second path of
length ¢ In n from the 2-core to v.

This paper is organized as follows. In section 2 we present basic definitions and notation,
and we derive some preliminary lemmas. In section 3 we analyze a breadth-first search on
a random graph. In section 4 we recall previous results regarding the 2-core of a random
graph, and we analyze a breadth-first search in the 2-core. Then, in section 5, we use the
results in two previous sections to prove our main result. In section 6, we compute the
diameter for the Poisson distribution, which corresponds to the random graph G, ,, and for
a certain power law distribution.
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484 FERNHOLZ AND RAMACHANDRAN
2. PRELIMINARIES

In this section, we introduce basic definitions and notation, and we present some preliminary
results. The lemmas presented in this section are fairly simple, and as such the proofs are
discussed in the appendix.

2.1. Probability

In this section, we introduce notation and basic definitions to describe probabilistic con-
structions. We adopt the convention that random variables and structures are denoted in
boldface. We denote the distribution of a random element s in a discrete set S by

D[s](s) = P[s = s]

for s € S. If two random elements s, s’ are equal in distribution, we write s 4 s'.

Given a probability distribution ;& on R, we denote a generic random variable with
distribution u by X,,. Generic random variables are all considered independent, and as such
we denote the sum of n independent y-distributed random variables by > X, ;.

We denote the binomial distribution with parameters n, p by Bin,, ,(j) = (;’) p(1—p).

This paper deals exclusively with discrete probability spaces which are measure-
theoretically trivial. Nevertheless, we shall use several constructs of probability theory,
specifically o-fields and filtrations, to deal with states of partial information; definitions of
these concepts can be found in any standard probability text (e.g. [3, 15]).

We assume that every random element s in a set S is a measurable mapping from an
underlying probability space 2 — S. We let o[s] denote the o-field induced by s, and
we let o[@] = {2, @} denote the trivial o-field. If F is a o-field on 2 and s is a random
element, we denote by D[s|F] the distribution of s conditional on F, noting that ®[s|F] is
an F-measurable random probability distribution on S.

2.2. The Configuration Model

We shall generate fixed-degree-sequence random graphs using the configuration model [4].
Our notation is as follows. We begin with an (even) set of endpoints A partitioned into a set
of vertices V. A configuration on (A, V) is a triple G = (A, V, E), where the edge set E is
a perfect matching of the endpoint set A. We let m = |A| denote the number of endpoints
and n = |V| the number of vertices; note that the number of edges in the resulting graph
ism/2.

We now introduce notation to describe a configuration G = (A, V, E).

* For a vertex v € V, A(v) denotes the set of endpoints which belong to v.

* For an endpoint a € A, V(a) denotes the vertex which contains a.

 For an endpoint a € A, E (a) denotes the endpoint matched to a, so the pair {a, E (a)}
occurs as an edge in E.

* For a vertex set V' € V, A(V’) denotes the set of all endpoints belonging to vertices
in V', s0A(V") = U {A(W)}.

* For an_.endpoint set A” € A, we similarly write V(A") = U,ca{V(a)} and E(A’) =
Ugear {E(a)}, noting that the union which defines V(A’) is not necessarily disjoint.

Random Structures and Algorithms DOI 10.1002/rsa
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Now, given an endpoint partition (A, V), we define the random configuration
G(A, v) == (A3 V’ E)9

where E is a uniformly random matching of the set A.

We note that the configuration model does not necessarily produce a simple graph. If we
are specifically interested in random simple graphs, it is not difficult to argue that results
achieved using the configuration model are still valid so long as some minor technical
conditions are satisfied (see e.g., [4,5]). In this paper, we ignore these concerns and focus
on the random configuration G(A, V). Moreover, from this point forward, we shall use the
terms “graph” and “configuration” interchangeably, and as such we may simply refer to
G(A,V) as a “random graph.”

2.2.1. The Configuration Model Algorithm. We adopt an algorithmic approach to the
configuration model similar to [13, 17]. The algorithmic approach is based on a simple
observation.

Let E be amatching of A, and consider a subsetAq C A. We define the restricted matching
E(Ao) to be the subset of E consisting of all edges {a,a’} € E such that either a € A or
a’ € Ap. The following proposition is immediate.

Proposition 2.1._ Let E be a uniformly random matching of an endpoint set A, and choose
any a € A. Then E(a) is a uniformly random element in A\{a}, and conditional on E(a), the
restricted matching E(A\{a, E(a)}) is a uniformly random matching of the set A\{a, E(a)}.

This proposition allows us to observe selected parts of a random configuration G(A, V) =
(A, V,E) while maintaining the conditional uniform randomness of the parts we have
not seen. In this section, we present notation for generating random configurations
incrementally.

Let 7 C o[E] be a sub-o-field of the o-field induced by E. Intuitively, F represents
a state of partial knowledge about E. We now define the F-measurable random partial
matching

Er ={{a,d} CA:P[{a,d} cE| F] =1}

Informally, Ex consists of the set of edges which are known to occur in E based on the
information in F. We say an edge in E » is F-exposed; accordingly, we call any endpoint
belonging to an F-exposed edge an F-exposed endpoint. We denote by Ux the set of
F-unexposed endpoints, noting that U is an F-measurable random subset of A.

We say a sub-o-field 7 C o [E] is sub-uniform if the conditional distribution D[E(U£) |
JF1is always uniform on the set of matchings of U z. Accordingly, a sub-uniform filtration is
afiltration in which each o -field is sub-uniform. It follows immediately from Proposition 2.1
that, for any subset Ay C A, the induced o-field o [E(A¢)] is sub-uniform. By using this

same technique repeatedly, we have the following proposition.

Proposition 2.2.  Consider a sequence of o-fields Fy = o], Fi,...,F, such that for
each 0 < i < t — 1, there exists an F;-measurable random subset B, C A such that
Fiy1 = o[FL,E(B))].

Then Fy, ..., F; is a sub-uniform filtration.

It is useful to think of sub-uniform filtrations constructed according to Proposition 2.2
algorithmically in the following sense. At time 0, we have no knowledge of the matching E
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whatsoever, as represented by the o-field 7y = o[#]. We now choose an F,-measurable
(i.e., non-random) subset By € A, and we determine the (random) matches of all endpoints
in By. The o-field 7, = o[E(By)] thus represents our knowledge about E after these
endpoints have been exposed. Then, we choose a second set of endpoints By, possibly using
some information provided by F; hence, the set B; may be random, since it may depend on
the restricted matching E(B,). We then let 7, = o [F;, E(B,)] represent our newly updated
state of knowledge, and so on.

2.3. Asymptotic Parametrization and the Degree Distribution

In this section, we present notation and definitions and preliminary results related to the
asymptotic specification of the configuration model.

This paper studies large random graphs asymptotically as the number of vertices n — oo.
Hence, we are in effect considering a sequence of random graphs G(A;, V}), G(A,, V,), . ..
where (A,, V,) is an endpoint partition with |V,| = n. The asymptotic subscript “,” will
generally remain implicit; in this section, we make the subscript explicit to give precise
asymptotic definitions.

We shall use the usual “big O” asymptotic notation, including the standard notation
@(f n) = O(f(n) In°Y n). All asymptotic notation is assumed to refer to the limit as
V.| = n — oo unless explicitly stated otherwise.

We shall reserve the symbols n and m for the number of vertices n = |V| and end-
points m = |A| in an endpoint partition (A, V). We shall deal exclusively with sparse

graphs, meaning that m = ©(n). In particular, this means that the symbols “m” and

n” are interchangeable in many asymptotic expressions, for example O(n) = O(m) and
(Inn) - (1 4+ o0(1)) = (Inm) - (1 + o(1)).

2.3.1. Asymptotics and Probability. ~Given a sequence of events H,, H,, . . ., we say H,
occurs AAS if P[H,] = 1 — o(1), and H occurs with high probability (WHP), if P[H,] =
1 —n~*®, Note that the conjunction of a constant number of AAS events occurs AAS, and
the conjunction of a polynomial number of WHP events occurs WHP.

The AAS and WHP conditions can be used in concert with asymptotic notation in the
natural way; for example, the statement f(n) = o(n) AAS (WHP) indicates that for all
€ > 0, the event f(n) < en occurs AAS (WHP).

2.3.2. The Degree Distribution. In this section we describe our method for asymp-
totic specification of the configuration model. Our asymptotic assumptions are essentially
equivalent to those of Molloy and Reed [17, 18].

Given a vertex v in an endpoint partition (A, V), the degree deg, ,,,(v) = |A(v)] is the
number of endpoints contained in v. Accordingly, the degree distribution

v eV :degyy,0) =il
Aawn (@) = @40

n

is the probability distribution corresponding to the degree of a randomly chosen vertex.
We shall specify the configuration model asymptotically using convergence of the degree

distribution; we require convergence in L; as well as convergence of either one or two

moments. Given distributions A, v on a discrete set S, the L, distance is defined as usual
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by IA —vli = Y 5IA(s) — v(s)|. For any distribution A on Z, we denote the k’th
moment of A by M,(A) = E[X¥]. Our asymptotic assumptions will take the following
form.

Assumptions 2.1.  We are given a sequence (A1, V1), (A2, V), ... of (even) endpoint par-
titions with |V,| = n and a limiting degree distribution A, which satisfies 0 < M|(L) < oo,
and such that

L. lim, o A,y — Al =0;
2. limy, oo My (Aa,,v,) = M (X);
3. llmnﬁoo Mz(A,(An’V”)) = Mz()\.)

Note that we only require that the limiting distribution have one finite moment; however,
if in fact M,(A) < oo then the second moment M;(A 4, v,)) must converge to M, (L).

Our main theorem, proved in Section 5, relies on these asymptotic assumptions. However,
the technical lemmas proved in Sections 3 and 4 are stated in the more explicit form “for
all € > O there exists 6 > 0...” to precisely specify dependencies among asymptotic
constants.

2.4. The Residual Distribution

Our method of asymptotic parametrization, described above, is based on the degree dis-
tribution. However, our technical work relies mainly on a second, related distribution,
namely the residual distribution. In this section, we define the residual distribution, and
we derive some preliminary results regarding its sensitivity to small changes in an endpoint
partition.

Given an endpoint partition (A, V) and an endpoint a € A, the residual degree res v, (a)
is the number of other endpoints which belong to the same vertex as a. Formally, we have

resuy (@) = [A(V(@)\{a}| = deg, v, V(a) — 1.

Accordingly, we define the residual distribution by pa vy (i) = w The residual

distribution can be computed easily from the degree distribution, and in general, for any

distribution A on Z* = {0,1,...} with 0 < M;(}) < oo, we define the corresponding

residual distribution by

@+ DAGE+T)

My

The effects of our asymptotic assumptions on the residual distribution are given in the

following proposition, which follows immediately from definitions.

. (i) ey

Proposition 2.3.  Assumptions 2.1 have the following implications:

1. lim,oo0 | kA vy — tolli = 0, where w, is computed from the limiting degree
distribution ) according to Eq. (1).
20 limy 00 My (a,,vi) = Mi ().

We call the distribution w; the limiting residual distribution. Note that, similarly to
assumptions 2.1, it is not necessarily the case the M| (u,) < oo, but if the first moment is
finite, then the convergence M, (j1(a,.v,)) — M;(w;) holds.

Random Structures and Algorithms DOI 10.1002/rsa
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2.4.1. Sensitivity of the Residual Distribution We now present a technical lemma which
states that, under our asymptotic assumptions, a vertex set of size o(m) can only contain
o(m) endpoints.

Lemma 2.4. Let u be any distribution on Z*. Then for all ¢ > 0, there exists a § > 0
such that the following statement holds.

For any endpoint partition (A,V) such that the residual distribution [y, satisfies
layy — il < 8, and any subset V' C 'V satisfying |V'| < §|A|, we have |A(V")| < €|A].

The proof of this lemma appears in the Appendix. We have the following immedi-
ate corollary, which essentially states that removing o(m) endpoints changes the residual
distribution by an L, distance of at most o(1).

Corollary 2.5. Let u be any distribution on Z.*. Then for all ¢ > 0, there exists a § > 0
such that the following statement holds.

For any endpoint partition (A, V) satisfying ||t a.v)— 1l < 8, and for any subsetA’ C A
satisfying |A| — |A’| < §|A|, we have

It vy — il < €.

2.5. Probabilistic Tools

In our analysis of the random graph G(A, V), we will encounter certain technical difficulties
which stem from two principal sources. First, our method of asymptotic parametrization
does not provide precise knowledge of any particular endpoint partition (A, V); we can only
assume that, for n sufficiently large, the degree distribution A 4 v, lies in an arbitrarily small
neighborhood of the limiting distribution A. Second, the occurrences of edges in a random
matching are not independent events, and as a result, we will frequently be confronted
with sequences of random variables which are “not quite” independent and identically
distributed.

Our general strategy for dealing with these difficulties will be to relate certain “messy”
situations to “clean” probabilistic constructions, and then to derive bounds using well-known
classical results. The material presented below will be used toward this end.

2.5.1. Domination and the Truncated Distribution. Given distributions pt, v on Z, we
say i dominates v and write p > v if P[X,, > i] > P[X, > {] for all i, where, as defined in
Section2.1,X,, and X, are - and v-distributed random variables, respectively. Accordingly,

for random variables X, Y, we write X [i Y if D[X] > D[Y] and say X dominates Y in
distribution.

We shall frequently encounter distributions with support in the set Z* = {0, 1, ...} (e.g.,
the degree and residual distributions defined above). For technical reasons, we shall often
consider these as distributions on the set Z* U {—1}. Our next lemma establishes that the
closed e-neighborhood of any such distribution u (with respect to L, distance) contains a
lower bound pu(; with respect to the partial order [>. We call this lower bound the e-truncated
distribution.

Lemma 2.6.  For any distribution t on Z* U {—1} and any € > 0, there exists a unique
distribution e on Z* U {—1} satisfying both ||t — g1 < € and v > ¢ for all distribu-
tions v on X U {—1} with ||u — v|; < e.
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The proof of this lemma (which appears in the Appendix) is quite simple; briefly, 1 is
constructed by taking an amount € /2 of probability weight from the top of the distribution
and placing this weight on the value —1.

2.5.2. Applications. We now present three lemmas which apply the concepts defined
above to achieve probabilistic bounds in specific situations; the proofs can be found in the
Appendix.

The first lemma deals with a random process in which the conditional distributions of
the increments always dominate a fixed distribution 1.

Lemma 2.7. Let yj,...,y, be a random process adapted to a filtration Fy =
ol@, Fi,..., F,andletY, = Z§:1 yi. Consider a distribution ju such that D[y, | Fsl> 1
always for all 0 < s <t — 1. Then Y, dominates in distribution the sum of t independent
u-distributed random variables.

The next lemma considers a similar situation for a sequence of Bernoulli trials, but where
the lower bound on the conditional distribution only holds before a given stopping time .

Lemma 2.8. Consider a sequence of Bernoulli random variables 2., ,, . . . adapted to a
filtration Fy = o[0], F1,F>, ..., and let Z, = 2221 z;. Consider a stopping time T and a
constant 0 < p < 1 such that

Plz,y =1|t<t,F]=p
always for all t > 0. Then for any t,r > 0, we have
Plt>tANZ, <r] < P[XBin,’p <r].

The final lemma in this section deals with the sum of Y independent, identically distrib-
uted random variables, where Y is itself a random variable, and such that the distribution
D[Y] dominates a binomial distribution.

Lemma 2.9. Let i be a distribution on 72 U {—1}, letr € Z* and 0 < € < 1, and let Y

d
be a Z-valued random variable such 0 <Y < r always and such that Y > XBi"r,]—s Pe Then

Y d r
Z Xpi B Z Xﬂ[ew"
i=1 j=1

3. BREADTH-FIRST SEARCH ON A RANDOM GRAPH

In this section we analyze a breadth-first search on a random graph. Our notation is as
follows. Let (A, V, E) be a configuration, and choose any v € V. For any integer i > 0, we
let N,; denote the set of vertices at distance exactly i from v; the set N,; is the i’th vertex
neighborhood of v.

It is often more useful to consider neighborhoods as consisting of endpoints rather than
vertices. Hence, we define the i’th endpoint neighborhood R, ; to be the set of endpoints
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490 FERNHOLZ AND RAMACHANDRAN

belonging to vertices in N, ;, and which are not matched to endpoints in R, ;_;. Formally,
then, we have

Rv,O = A(V)
R, =1{a € AWN,;) : E(a) ¢ Ry ).

The endpoint neighborhoods of a vertex v are illustrated below.

In a random configuration G(A, V) = (A, V, E), the endpoint neighborhoods are random
subsets of A, which according to our convention we denote in boldface by R, ;. For any v,
and any i, we now define the o-field B,; inductively by B,y = ¢[#] and

Bv,i+1 = U[Bv,i, ER;)].

We call the filtration B, o, B, 1, . . ., the breadth-first search (BFS) filtration. We note that,
since R, ;4 is clearly B, ;-measurable, then by proposition 2.2 the BFS filtration is sub-
uniform.

This section is devoted to analyzing the BFS filtration. To simplify our notation, we
abbreviate the set of unexposed endpoints and exposed edges in the BFS filtration by
U,; = Up,; and E,; = Eg ,, respectively. Intuitively, the set E,; consists of all edges
explored duﬁng i iterations of a standard breadth-first search beginning at v. We note that
the endpoints in R,; remain unexposed in the o-field B,;, and therefore R,; € U, ;. Also,
the set U, ;\R,; consists of all endpoints belonging to vertices at distances greater than i
from v.

We are particularly interested in the random sequence of neighborhood sizes
IRyol, IRy1], - .., which we call the BFS process. We thus simplify our notation by defining
r,, = |Rv,i|~

Before we begin our formal analysis, we engage in a brief intuitive discussion about this
process. Let us imagine that we are performing BFS on a random configuration. After i
levels, we will have explored the edges in E, ;, and in the next iteration, we will explore all
edges incident on the endpoint set R, ;. And, conditional on B, ;, the unexposed endpoints
U, will be matched uniformly at random.

Now, if R, ; is “small” relative to U, ;, then in the typical situation, each endpoint in R, ;
will match to an endpoint outside of R, ;, and no two endpoints in R, ; vxiill match to the
same vertex. In this case, if an endpoint a € R, ; matches to an endpoint E(a) on a vertex

Random Structures and Algorithms DOI 10.1002/rsa
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of degree d, then the remaining d — 1 endpoints are contributed to R;,. Hence, informally,
the size of R, is approximated by

rip Y deg(V(E@)) — 1= res(E(a)),

acR,; acR,;

where res(fi(a)) = deg(V(ﬁ(a))) — 1 is the residual degree of the endpoint fE(a), as defined
in Section 2.4. .

Moreover, if R,; is “small,” then the residual degrees of the endpoints in E(a) will
be “almost” independent random variables, and the distribution of each of these random
variables will be approximately given by the residual degree distribution (4 v). So, again
quite informally, we have

Tyi

i1 = E X,
Jj=1

where the X, ; are independent p-distributed.

We note that, if strict equality were to hold, then the equation above would define a
branching process (see e.g., [2]), and the expected rate of neighborhood growth would be
given by the average residual degree M (1). To make this approximation precise, we must
account for the various informal assumptions that have been made above. Specifically, the
two principal differences between the the BFS process and a pure branching process are the
following.

1. Cross-edges can occur during BFS in two ways: two endpoints in R, ; might match to
each other, or two (or more) endpoints in R,,; might match to the same vertex outside
of N, ;.

2. The residual distribution changes over time; and in fact, even at the beginning of the
BFS process, we only have asymptotic knowledge of the residual distribution.

We now proceed as follows. In Section 3.1, we derive a lower bound on the growth of
neighborhood sizes by relating the BFS process to independent sampling from a truncated
residual distribution. Then, in Section 3.2, we derive a weaker upper bound on neighbor-
hood growth using only the expectation. We note that faster rates of neighborhood growth
generally correspond to a shorter graph distances, and as such, the lower bound on neigh-
borhood sizes will be used to derive an upper bound on the diameter in Section 5, and vice
versa.

3.1. Lower Bound on Neighborhood Sizes

In this section we derive a lower bound on the growth rate of neighborhoods during BFS.
Our main result in this section is the following theorem, which establishes a bound on large
deviation probabilities of neighborhood sizes.

Theorem 3.1.  For any fixed distribution (v and any M < M, (i), there exist 6 > 0 and
C > 0 such that the following statement holds.

Let (A, V) be an endpoint partition satisfying ||(ta,y) — i1 < 8. For any v € V and any
i>0,if Y r,; < 8|A| then

P[rv,i+1 <M - rv,i | Bv,i] S efC‘»rv,,-.
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This theorem establishes a uniform bound on large deviation probabilities, in the sense
that same constant C can be used for an entire §-neighborhood of residual distributions.
Also, for a given v, the same constant can be used for every BFS iteration until the sum of
the neighborhood sizes exceeds §m.

Now, if the BFS process were a true branching process generated by the residual dis-
tribution w, then the result in Theorem 3.1 would follow immediately from well known
large deviation results regarding sums of independent random variables. We thus proceed
by dealing individually with each of the informal assumptions discussed above which cause
the BFS process to differ from a pure branching process. Hence, in Section 3.1.1, we deal
with the problem that two endpoints in R,; may match to each other (horizontal edges).
In Section 3.1.2 we deal with the problem that two or more endpoints may match to the
same vertex outside of N, ; (diagonal edges). In Section 3.1.3 we combine these results to
relate an iteration of the BFS process to independent sampling from the e-truncated residual
distribution, and in Section 3.1.4 we derive the large deviation result in Theorem 3.1.

3.1.1. Horizontal Edges. A horizontal edge occurs if two endpoints in R,; match to
each other. In this section we derive a probabilistic upper bound to the number of horizontal
edges which occur in an iteration of BFS.

Specifically, the following lemma shows that, if |R, ;| = r < m/2, then the number of
endpoints in horizontal edges is dominated by the binomial distribution Bin, /7;. Hence,
if R,; is “small” then “most” of the endpoints will match outside of R, ;.

Lemma 3.2. Consider a subset R of an endpoint set A, let r = |R| and m = |A|, and
assume r < m/2. For a uniformly random matching E, we have

D[|E(R) N R[] < Bin, /7. )

Proof.  'We first define .
f(s,r,m) =P[IER) NR| = s]

for r = |R| and let m = |A|, and similarly g(s,p,r) = P[XBinhp > s]. Equation (2) is
therefore equivalent to the statement that

f(s,r,m) < g(s,/r/m,7) 3)

holds for all s.

We proceed by induction; clearly (3) holds for » = 0,1 and any s and m > 2r, since
if |[R| < 1 then there cannot be any internally matched endpoints. Now, choose any r and
assume inductively that (3) holds for all triples (s, 7', m’) where r' < r and m’ > 2r'.

We note that any given endpoint a € R matches to another endpoint within R with
probability (r — 1) /(m — 1). If this occurs, then  — 2 unexposed endpoint remain in R, and
we have 2 internally matched endpoints. Otherwise, we have r — 1 remaining unexposed
endpoints in R, and no internally matched endpoint. In both cases, the total number of
unexposed endpoints remaining is m — 2. Hence, we inductively compute

r—1 m-—r
fG,rom)=——f(—-2,r—2m—-2)+ ——f(s,r—1,m—2)
m—1 m— 1

r—1 r=2 m-—r r—1
< gls—2,yi =, r=2)+—=gl|s/.=r—1
m—1 " m—1 "

< (r/m)g(s—Z, r/m,r—2)+(1 —r/m)g(s,\/ ,r = 1).

A
3
~
3
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The inequality in (3) now follows by letting p = /r/m and computing

gls,p,r)=p-gs—Lp,r—1)+{A—-p)- -g(s,p,r—1)
=(p - gls=2,p,r=2)+p(l—p)-gls—1,p,r =2)) + (1 —p) - g(s,p,r — 1)
2p2~g(s—2,p,r—2)+(1 —pz)-g(s,p,r— 1).

3.1.2. Diagonal Edges and Uniform Endpoint Sampling. In the previous subsection,
we derived a probabilistic bound on the number of endpoints in R, ;, which match internally
due to horizontal edges. In this subsection, we prove a lemma which deals with diagonal
edges, which occur if two endpoints in R, ; match to the same vertex outside of N, ;.

Our approach is based on the following observation. For any integer r > 0, conditional
on the event that exactly r endpoints in R,; match externally, the set E(R,,)\R,; will
be a uniformly random subset of size r from U,;\R,;. And if we let S = E(R,)\R,;,
we have

R = A(V(S)\S.

Hence, in the following lemma, we derive a probabilistic lower bound on the size of the set
A(V(S))\S, where S is a uniform sample of size r from an endpoint partition (4, V).

Lemma 3.3. For any fixed distribution @ and any € > 0, there exists a § > 0 such that
the following statement holds.

Let (A, V) be an endpoint partition satisfying || vy — |1 < 8, and consider a uniformly
random subset S C A of size |S| = r < 8|A|. Then the random variable |A(V(S))\S|
dominates in distribution the sum of r independent i.;-distributed random variables.

Proof. We consider the random process Sy, ...,s, corresponding to sampling from A
without replacement, so at each step 1 < ¢ < r, we choose an endpoint s, uniformly at
random from A\S,_;, where S; = {sy,...,s;} for 1 <i < rand S, = . We also define
Q;, = A(VS))\S,, and we write ¢, = |Q;|, so the lemma states that ¢, dominates in
distribution the sum of r independent i[;-distributed random variables.

At time ¢, we define the effective residual degree of any endpoint in A\S, by

—1 ifaeQ;
res(a) otherwise.

res; (a) = :

We denote the distribution of effective residual degrees at time ¢ by

_ Ha € A\S, : res;(a) = j}|

v) A\S,|

We note that q,.| — q, = res; (s,;), and therefore D[q,, —q, | 7] = v,, where F,..., F,
is the induced filtration F, = o[sy,...,S/].

We claim that, for § sufficiently small, we have ||v, — u|| < € always for all ¢. Indeed,
since |S,| =t < r < §|A], then by Corollary 2.5, § can be chosen sufficiently small that,
for arbitrary €, > 0, the residual distribution at time ¢ satisfies ||tu,.v) — il < € always.
And, the actual residual degree and the effective residual degree at time ¢ differ only on the
set Q;; since Q, is contained in at most t < r < §|A| vertices, then by Lemma 2.4, we can
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again choose § sufficiently small such that |Q,| < €|A| always. By setting €, appropriately,
it follows that § can be chosen sufficiently small that ||v, — || < € always for all .

It now follows by Lemma 2.6 that v, > [ always, and since D[q,; — q, | F;] = v,,
the proof is complete due to Lemma 2.7. .

3.1.3. General Lower Bound on Neighborhood Sizes. In this section, we combine
Lemmas 3.2 and 3.3, along with Lemma 2.9 from Section 2.5.2, to derive a general prob-
abilistic lower bound relating the distribution of r,;;; given r,; to independent sampling
from the truncated residual distribution.

Lemma 3.4. For any fixed distribution (@ and any € > 0, there exists a § > 0 such that
the following statement holds.

Let (A, V) an endpoint partition satisfying ||iay) — illi < 8. Choose any v € V and
anyi > 0. If Z;:O r,; < 8|A| then the distribution of r,; conditional on B, ; satisfies

Dryip | Bl > |:Z XM[E]JZ| .

j=1

Proof. First, let Q = R‘,,i\ﬁ(Rv,i) denote the set of endpoints which match outside of
R,;, and let @ = |Q|. For arbitrary ¢, > 0, we may choose § sufficiently small that
VT.i/IU,;| < €y/2, and thus by Lemma 3.2, we have

Dlq | Bv,i] > Binrv,i’l_\/m > Bil’lrvviql_fo/z. @)

Now, conditional on both B, ; and q, the set of endpoints E(Rv,i)\R‘,,i is a uniformly ran-
dom subset of size q chosen from U, ;\R, ;. Moreover, since |A| — |U, /\R, ;| <2 Z}:o | PN
then by making § sufficiently small, by Corollary 2.5 we can ensure that the residual dis-
tribution of (U, ;\R,;, V) satisfies | uw, \r,;v) — #ll1 < & for arbitrary §, > 0. Hence, by
Lemma 3.3, we have o

q
Dlr,iv1 1 q,B,,1>D [Z x#[q]g,} )
j=1
for arbitrary €, > 0.

We now invoke Lemma 2.9 regarding the sum of a random number of random vari-
ables, and since (fje,;)ieq] = HMiep+e,1» it follows from (4) and (5) that D[r, ;4 | B,,;] >
@[ Z;L’l X T J]. The proof is now complete since €y, €; can be made arbitrarily small. =

3.1.4. Large Deviations. We now use Lemma 3.4 to complete the proof of the large
deviation bound in Theorem 3.1. We begin by recalling a classical large deviation result for
independent, identically distributed random variables. Although the result is standard (e.g.,
see [10, 15]), we include a brief proof in the Appendix.

Lemma 3.5 ([10,15]).  Let u be any distribution on Z* U {—1}. Then for all M < M, (1)
there exists a C > 0 such that for all r > 0,

P |:Z X, < Mr:| < e,
i=1
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We now complete the proof of Theorem 3.1.

Proof of Theorem 3.1. By lemma 3.4, we can choose § sufficiently small so that

Plr, 1 <M x| Bl <P [Z Xyi <M - rv,,-]

j=1

for arbitrary € > 0. Moreover, since lim._.o M; (i) = M;(u), then for a given M <
M, (), we may choose € sufficiently small that M, (u[;) > M. The result now follows by
applying Lemma 3.5 to the distribution fi[. .

3.2. Upper Bound on Neighborhood Sizes

In this section we derive an upper bound on the rate of neighborhood growth in a BFS
process. The upper bound is different in nature than the lower bound derived in Section
3.1 in two ways. First, we only use the expected neighborhood size to compute the bound.
Second, we bound the probability that the sum of all neighborhoods up to time ¢ exceeds a
given amount, rather than considering individual iterations.

Lemma 3.6. Forany 1l < M < oo, and any € > 0, there exists a § > 0 such that the
following statement holds.

For any endpoint partition (A, V) with |A| = m and such that M\ (jLa,v)) < M + 5, and
forany g < dm andt > 0, we have

’ deg((M +¢)'
P |:§rv,i > q] < W

Proof. For anyi > 0, note that r, ;| is at most equal to the sum of the residual degrees of
the endpoints E(a) for a € R,; (with equality if no cross-edges occur). Hence, by linearity
of expectation, we have

Elr,ii | Bl < Y Elres(E(a)) | Byl

acR,;
Now for any given a, we compute

/
Za’eUy,i\{al res(a ) < Za’eA res(a/)

Blres((@) | Bl = = pm i < St

= My () =
= M1,y |Uv,i| 1

and therefore, for § sufficiently small, we can guarantee E[r, ;;|58,,;] < r,;(M+¢€) whenever
both M (p@yv)) <M + 8 and Z}:o r,; <dm.
We now define the random variables
/ r,; if Z,l;(l) r,_ <dém,

rv,i = .
0 otherwise,

and we deduce that E[r,, il B,1<r, (M +¢) always, and therefore E[r);] < deg(v)(M +
€)' forall i.
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For g < ém, using Markov’s inequality, we now compute

P |:Xt: r,; > q] =P |:ZI: r, > q:| = éE [XI: r;’,} < dei(v) Xt:(M +e)
i=0 i=0 i=0

i=0
_ deg)(M + &)
q(1 —1/M)

4. THE 2-CORE

The k-core of a graph is the maximal induced subgraph of minimum degree at least k. The
sizes and degree distributions of the k-cores of a random graph have been determined by
various authors [9, 12, 14], and our diameter result relies significantly on these results for
the specific case of k = 2.

The relevance of the 2-core to the diameter of a random graph can be appreciated intu-
itively by considering the structure of a typical longest shortest path. In general, any longest
shortest path in a random graph (with minimum degree 1) will occur between a pair vertices
u, v of degree 1. Moreover, this path will consist of three segments: a path from u to the
2-core, a path through the 2-core, a path from the 2-core to v. It follows that, if we wish
to uncover such a path using BFS, we only need to search through the set of edges in the
2-core, as well as the edges connecting u# and v to the 2-core.

In this section, motivated by the informal discussion in the previous paragraph, we intro-
duce notation and some simple results related to BFS in the 2-core of the random graph
G(A, V). As we shall see, restricting BFS to the 2-core greatly simplifies the analysis of
neighborhood growth, particularly when neighborhood sizes are small. This is because
every vertex in the 2-core contains at least two endpoints, and thus if we “enter” a par-
ticular vertex through one of its endpoints, at least one other endpoint typically remains
unexposed as an “exit.” It follows that, if no cross-edges occur, neighborhood sizes are
strictly nondecreasing. Moreover, if no cross-edges occur, then a (strict) increase in neigh-
borhood size will occur unless every endpoint matched during a given BES iteration has
residual degree 1. These two properties allow for a simpler and more accurate analysis of
the growth of small neighborhoods than can be achieved using the tools of the previous
section.

We now proceed as follows. In Section 4.1, we introduce our notation for describing
the 2-core of a random graph, and we review some known results about the structure of
the 2-core. We also define a related structure which we call the augmented 2-core, and
we translate relevant results about the 2-core to the augmented 2-core. In Section 4.2, we
discuss BFS in the augmented 2-core, and we derive some preliminary results related to the
nondecreasing neighborhood size property discussed above. These results will enable us to
pin down our main diameter result in Section 5.

4.1. The 2-Core and the Augmented 2-Core

As noted above, the 2-core of a graph is the maximal induced subgraph with minimum
degree at least 2. We shall denote the 2-core of a graph G = (A,V,E) by G*; and, in
general, we shall use the superscript ““” to refer to the structures related to the 2-core of
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G, so A*, V¥ and E* denote the endpoint, vertex, and edge sets of the 2-core, respectively.
Also, deg” (v) denotes the degree of a vertex in the 2-core, A* denotes the degree distribution
of the 2-core, and similarly for the residual distribution.

The size and degree distribution of the 2-core of a random graph have been determined
previously by several authors [9, 12, 14]. In particular, we have the following theorem,
which implies that if (A, V) satisfies the asymptotic assumptions 2.1 with limiting residual
distribution p, then the 2-core of G(A, V) also satisfies assumptions 2.1 WHP, with a limiting
residual distribution n,, which can be computed from .

Theorem 4.1 ([9, 12, 14]). Let (A, V) be an endpoint partition which asymptotically
satisfies assumptions 2.1 with limiting residual distribution = u, satisfying M;(u) > 1.
Then,

1. there exists a constant 0 < C,, < 1 determined by v such that |[A“|/|A| = C,, +o(1),
WHP;

2. there exists a distribution 1, determined by i, such that |p* — n,|l, = o(1) WHP;

3. the distribution n,, satisfies M,(n,) = M,(n), and in fact M,(n*) = M, () + o(1)
WHP.

Let G = (A, V, E) be a graph and consider a subset W € V. We define the W-augmented
2-core to be the maximal induced subgraph of G such that every vertex in V\W has degree
at least 2. Hence, the vertices in W are “exempt” from the minimum degree requirement.
We denote the W-augmented 2-core of a graph by G*", and related structures are denoted
accordingly.

For this paper, we shall often examine W-augmented 2-core where W is a “small” subset
of V. Our next lemma follows almost immediately from the proof of Theorem 4.1 (in fact
the bound on |[A(W)| can be weakened to o(m)). However, for completeness, we include an
independent proof in the Appendix.

Lemma 4.2.  Consider an endpoint partition (A, V) as in Theorem 4.1, and consider a
subset W C V such that |A(W)| = o(m/ Inm). Then WHP |[A<V\A¥| = o(m).

If, in addition, |A(W)| = m®"Y then AAS a constant fraction of the endpoints in A(W)
belong to A<

It follows immediately from Lemma 4.2, that for any subset W C V of size [A(W)| =
o(m/Inm), the statement of Theorem 4.1 holds if we replace A and u* with A“" and
1<V, respectively.

Given a random graph G(A, V), we define the 2-core o-field to be the o-field induced
by the set of edges which are not in the 2-core. We denote this o-field by 7 = o[E\E“].
Intuitively, the 2-core o -field represents a state of information in which all the edges which
are not in the 2-core are known, but the structure of the 2-core remains unknown. It follows
from the proof of Theorem 4.1 in [12] (and it is not difficult to see) that the 2-core o -field
J* is subuniform. Similarly, for any W C V, we define the W-augmented 2-core o -field
FW = o [E\E“"], noting that F*'" is also subuniform.

4.2. BFS and the 2-Core

In this section, we present some definitions and a simple lemma related to BFS in the
augmented 2-core of a random graph.
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For any vertex v in a graph G, we define the 2-core endpoint neighborhoods of v, denoted
by Ry, to be the endpoint neighborhoods of v in the v-augmented 2-core G**". It is easy to
see that any path in the original graph G, which connects v to a vertex u € G*V is itself
contained in G**, and it follows that the 2-core endpoint neighborhoods can be expressed
simply as

R, =R,;NA"". 6)

As usual, the 2-core endpoint neighborhoods of a vertex in a random graph are denoted
in boldface by Rj;. We also define the 2-core BFS filtration By, analogously to the ordi-
nary BFS ﬁltratlon by By, = F"and By, = 0B}, E(R})]. The 2-core BFS filtration
thus corresponds to first exposing all edges outside the v-augmented 2-core and then per-
forming BFS beginning at v. Moreover, using the expression in (6) for 2-core endpoint
neighborhoods, we may express the 2-core BFS filtration in terms of the ordinary BFS
filtration by

B, = o[F*", B,].

As discussed at the beginning of Section 4, BFS in the 2-core exhibits the useful property
that neighborhood sizes are generally nondecreasing. In the following lemma, we make this
property precise, and we also bound the probability of repeating a given neighborhood
size.

Lemma 4.3.  For any fixed distribution (1 with M1(u) > 1 and any € > 0, there exist
constants C and § > 0 such that the following holds WHP.

Let (A, V) an endpoint partition with |A| = m, and assume that ||y — i < 9.
Choose any v € V and any i > 0, and assume that Z ol < dm. Then

1. P[r ”H <ry, |B"]<C (xs)?/m.

2. Py, <rf, —2| B <C-(xs)%/m.

3. Plry,,, = r" | Bi,] < (1) + €)™ 4+ C - (xf,)* /m.

Proof.  First, note that by choosing § > 0 sufficiently small and invoking Theorem 4.1
and Lemma 4.2, we can guarantee that the fraction of 5 ;-unexposed endpoints which have
unexposed residual degree 1 is at most 1, (1) + € WHP. Now, for each a € R}, define the
By ;. -measurable random variable y(a) by letting y(a) = 1 if either

1. E(a) eR",
2. V(E(a)) = V(E(a )) = w for some vertex w with deg“"(w) < 2r},

and y(a) = 0 otherwise. We also define Y = ZHGRK y(a) and since every vertex other
v1+1 i Y.

Now, for any given pair a,a’ € Rf, we have P[E(a) = a’|Bf’i] = O(1/m). Also, the
probability, conditional on By, that @ and a’ both match to a vertex w with deg*"(w) < 2r};

is O(ry,;/m). By considering all pairs a,a’ € R}, it follows that

than v has unexposed degree at least 2, it follows that

P[Y > 0| B,,] = O((r",)’ /m).
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Similarly, by considering all possible ways that at least three endpoints in R} ; can be
involved in cross-edges of the kinds described above, we easily deduce

PIY > 2| B,;] = O((r",)"/m?).

For the final statement of the lemma, we note that the probability, conditional on Bf’i,

that every endpoint in R} ; matches to an endpoint of residual degree 1 outside of R is at
most

RE (D™ < (1, (1) + €)™
And, the event r,,, = rf, can only occur if either Y > 0 or if every endpoint in R},
matches to an endpoint of residual degree 1, hence the proof is complete. .

5. THE DIAMETER OF A RANDOM GRAPH

Given vertices u, v in a graph G, let § (i, v) denote the distance from u to v, that is, the length
of a shortest path from u to v. We set §(u,v) = oo if u and v do not belong to the same
connected component. The diameter A(G) of a graph G is the maximum finite distance
between any pair of vertices in G. In this section, we compute the diameter of a random
graph G(A, V) with asymptotic precision.

We begin by stating our main theorem regarding the diameter of a random graph. Recall
that, for a distribution u, 1, denotes the limiting residual distribution of the 2-core of a
random graph with limiting residual distribution u, as determined by Theorem 4.1.

Theorem 5.1. Let (A, V) be an endpoint partition which asymptotically satisfies assump-
tions 2.1, with limiting degree distribution ) and corresponding residual distribution
WU = ;. Assume further that both M, () > 1 and A(1) > 0.

Then, the diameter of G(A, V) AAS satisfies A(G(A,V)) = A, Inn + o(Inn), where

2 1
A, = + .
“T Tl (D) InM, ()

(N

Due to a result of Molloy and Reed [17, 18], the assumption that M;(n) > 1 implies
that the largest connected component of G(A, V) AAS has size ® (n)—this is the so-called
“giant” component—while the second largest component AAS has size o(n) (and there-
fore all of the “non-giant” components are “small”). An immediate consequence of the
proof of Theorem 5.1 is that the diameter of G(A, V) is equal to the diameter of the giant
component.

The assumption that A(1) > O ensures that the minimum (positive) degree is 1. The
behavior of the diameter in the case A(1) = 0 is qualitatively different, and we deal with
generalizations to higher minimum degree in Section 5.3.

Informally, the two terms on the right hand side of Eq. (7) correspond to two different
characteristics of a random graph that determine its diameter. The term measures

1
InMq (1)
the “average” distance across the graph. The term m accounts for long isolated paths

or cycles which can cause the distance between a particular pair of vertices to be signifi-
cantly longer than the average. A typical longest shortest path will consist of an “average”

shortest path of length ;- }V‘l’l"(ﬂ) extended on both ends by two long “strands,” each having

Inn
—Inny (1) !

length
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We prove the upper bound of Theorem 5.1 in Section 5.1 and the lower bound in
Section 5.2. Then, in Section 5.3 we generalize to higher minimum degrees.

5.1. Upper Bound Proof for Theorem 5.1

In this section, we prove the upper bound of Theorem 5.1. Our general approach is to use
the results from Sections 3 and 4 to trace the rate of neighborhood growth during BFS in the
augmented 2-core. We maintain the unstated assumption that we are considering a random
graph G(A, V) such that the endpoint partition (A, V) asymptotically satisfies assumptions
2.1 with asymptotic degree distribution A and corresponding residual distribution & = ;.
And, as usual the number of endpoints and vertices in (A, V) are denoted by m = |A| and
n = |V|, respectively.

We begin by observing that “large” endpoint neighborhoods will AAS be connected
by an edge. Specifically, we have the following lemma; the proof is straightforward and
appears in the Appendix.

Lemma 5.2.  Consider disjoint subsets Sy, S, C A such that both |S,],|S,| > m"*In* m.
Then
PIES) NS, = @] = mD.

For our purposes, then, a “large” neighborhood consists of at least '/ In* m endpoints.
Since this value plays a central role in the upper bound proof of Theorem 5.1, we abbreviate
by defining

&£ =m'*In’ m.

Now, for any pair of vertices u, v, and any integers #|,%, if bothr,,, > & andr,,, > &, it
follows immediately from lemma 5.2 that 8 (#, v) < t; +1, + 1 WHP. Moreover, since 2-core
neighborhood sizes satisfy rj, < r,, always, we have the following WHP implication:

(r" >€)/\(r“ >§') = S(u,v) <t +t,+1. (8)

u,ty R5)

For any integer r > 0, we now define the random variables

7,(r) = min {i > r},

o ©)

p,(r) =min {i:rS, > rorrs, =0}.

Intuitively, 7, (7) is the closest 2-core neighborhood which contains at least r endpoints, and
7,(r) is the closest 2-core neighborhood which is either empty or has size at least . Both
7,(r) and p,(r) are clearly stopping times with respect to the 2-core BFS filtration Bf’t. We
note that 7,(r) = oo if and only if rj; < r for all i, while p,(r) < oo always. Moreover, if
7,(r) < oo thenin fact 7,(r) = p,(r).

It follows from the WHP implication in (8) that the inequality

d(u,v) = 7,(6) +7.(8) +1 (10)

holds WHP for all pairs u, v € V. Hence, if we are able to bound the maximum finite value
of T, (&) forall v € V, then (10) will yield an upper bound on the distance between any pair
of vertices which both satisfy 7,(§) < oo.
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Of course, the inequality (10) is only useful for vertices satisfying 7,,(§) < oo. A different
method is necessary to deal with vertices for which 7,(§) = oco. Intuitively, the condition
7,(§) < oo holds if and only if the vertex v belongs to the giant component (in fact, this
statement holds AAS for all v). As we shall see, it is somewhat easier to bound the distance
between vertices satisfying 7, (§) = 0o, and the substance of the upper bound proof is the
bound on the maximum finite value of ().

We now proceed as follows. In Section 5.1.2, we derive an upper bound on the distance
between any pair of vertices satisfying t,(§) < oo as described above, or equivalently,
a bound on the diameter of the giant component. Then, in Section 5.1.3, we bound the
maximum distance between any pair of vertices which are not in the giant component.
Moreover, the upper bound we derive in Section 5.1.3 is strictly lesser than the expression
for the diameter of G(A, V) in Theorem 5.1. Hence, this bound, in conjunction with the
upper bound proof of Theorem 5.1, will establish that the diameter of G(A, V) is AAS equal
to the diameter of the giant component.

5.1.1. Neighborhood Growth in the 2-Core. 1In this section, we present a concise
summary of key results from Sections 3 and 4, stated in the form that will be used in the
upper bound proof of Theorem 5.1. We note that for any t = O(Inn), if t < p,(§), then
all neighborhoods r¢; for i < t have size at most & = m'/*In* m, and hence the sum of
their sizes is o(m). This observation allows us to invoke both Theorem 3.1 (with respect to
the 2-core residual distribution 7,,) and Lemma 4.3. The following proposition is therefore
immediate and serves essentially as a summary of these earlier results.

Proposition 5.3. Foranyv € V and t = O(Inn), the following hold WHP whenever
t<p,8).

L PIrf,, <r<|B,1=0m™".

2. Py, <rf, —2|B,]=0@n").

3. Py, =1y, | By,] <n.(1) + o(D).

4. For any constant M < M, (n,) = M(w),

P[r:,H—l <M- r:,, | B:t] = eiQ(r({u)‘

From the first two statements in this proposition, we easily deduce the following corollary
regarding decreases in neighborhood sizes.

Corollary 5.4. Foranyv €V, and any t = O(Inn), with probability 1 — o(n™"):

1. Theeventr; | <y occursatmostonceforallssatisfying boths < tands < p,(§);
2. Theeventr, | <1, —2neveroccurs forany s satisfying both s < tands < p,(§).

In particular, note that if the value of rj  exceeds 2 for any s > 0, then with probability
1 — o(n™"), we have r;, > 0 forallz = O(lnn) and t < p, (§). Moreover, Theorem
5.5, which is proved in the next section, establishes that p,(§) = O(In n) with probability
1 —o(n™"). It follows that, with probability 1 — o(n~!), for any vertex v, if 7,(3) < oo then
7,(£) < 00, and therefore the giant component AAS consists of exactly the set of vertices

satisfying 7,(3) < oo.
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5.1.2. The Giant Component. In this section, we prove the following theorem, which

establishes an upper bound of % Inn 4 o(Inn) for the stopping time p,(§) (where A, is
defined in Eq. (7)).

Theorem 5.5.  For any fixed € > 0, and forallv € V,

1 1 _ .
P[Pv(é) > (—ln - + ML) +e> lnn] =om ). (11)

Since 7,(r) = p,(r) if and only if 7,(r) < oo (see (9)), then we also have an upper
bound on the maximum finite value of z,(&) for all v € V; and, by Lemma 5.2, this yields
an upper bound on the diameter of giant component. Moreover, as noted above, Theorem
5.5 and Corollary 5.4 jointly imply that ,(3) < co = 71,(£) < oo with probability
1 — o(n~'). Hence (pending the proof of Theorem 5.5), we have the following corollary.

Corollary 5.6. For all € > 0, the maximum distance between any pair of vertices u,v
satisfying t,(3) < oo and t,(3) < oo is AAS at most (A, + €)Inn.

To derive the upper bound in (11), we split the interval O, . . ., o, (§) into two subintervals
using the intermediate stopping time p,(Inlnn). We bound the length of each of these
subintervals in Lemmas 5.7 and 5.8. The proofs of these lemmas are quite similar; in each
case, we exploit the fact that neighborhood sizes are generally nondecreasing, and we simply
count the number of “good” iterations for which the increase in neighborhood size exceeds
a given amount. We then use Proposition 5.3 to derive a lower bound on the probability that
any given iteration is “good,” and we determine the maximum number of good iterations
which can occur before the neighborhood size must exceed the given limit. Finally, we use
Lemma 2.8 from Section 2.5.2 to attain bounds on the corresponding stopping times from
the binomial distribution.

We first consider neighborhoods of size 0 < r;, < Inlnn. Here, a “good” iteration
occurs whenever ry, > r;, ;, and the probability of a good iteration is bounded below by

vit—1°
1 —n,(1) —o(1).

Lemma 5.7.  For any vertex v and any € > 0,

P |:pv(lnln n) > <m + e) In ni| =o(m™).

Proof. Fort > 1, define the B},-measurable random variable

3 K K
. 0 ifry, <ry,_,,
T .
1 ifrf, >rj

vit—1°
and let Z, = 22:1 z,. It follows from the nondecreasing neighborhood size property
expressed in Corollary 5.4 that for any # = O(Inn) and 1 < p (Inlnn), if rj, > O then
ry, > Z, — 1 with probability 1 — o(n~"). Hence, for t = O(Inn),

Plp,(nlnn) >t AZ, > Inlnn] = o(n™h. (12)
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Now, since p,(Inlnn) < p, (£), then by Statement 3 of Proposition 5.3 we have
P(z11 =0 p,(nlnn) > 1, B5,] < n,(1) + o(1)
WHP. It thus follows from (12) and Lemma 2.8 that

Plp,(Inlnn) > ] < P[p,(Inlnn) >t AZ, <Inlnn] + o(n™")

<P
< P(Xpin, ) oy < InInn] +o(m™).

We now invoke a simple binomial inequality

t
P[Xgi,, , <rl < < )p” <—,
Sl=p r p
andfort =clnn,r =Inlnn, and p = n,(1) 4+ o(1), we deduce

clnn
nu(1) +o(1)
< nclnnu(l)Jro(l) +0(l’l71).

Inlnn
Plp,(Inlnn) > clnn] < ( ) M. (1) + o)™ + o(n™hH

Hence, for ¢ = m + €, we have P[p,(Inlnn) > cInn] = o(n™!), and the proof is

complete. .

Next, we consider neighborhood sizes Inlnn up to & = m'?In* m. In this range, a
“good” iteration occurs if r;,,, > M - ry, for arbitrary M < M;(u). We note that if
I, anmn = 0 then p,(§) = p,(Inlnn), so the duration of this interval is 0. Thus, in the
following lemma we consider the nontrivial case where r} , .1,y = Inlnn, and therefore
p,(Inlnn) = r,(nlnn).

Lemma 5.8. Forall e > 0, there exists § > 0 such that, for all v,

P |:oo > 1,(8) > t,(Inlnn) + < + e) lnni| =o(n™h.

2M, ()

Proof.  'We begin by considering an arbitrary constant M satisfying 1 < M < M,(n); the
value of M will be specified further on. For each ¢t > t(v,Inlnn), we now define

yo= 11 iR /r, = M,
o i, s, < M,

and Y, = ZE:TV(IHIM) y;. Corollary 5.4, now implies that for t = O(Inn) and 7,(Inlnn) <
t < p, (&), with probability 1 — o(n™'), we have (for n sufficiently large)

ri, > M"(Inlnn —2) > "M,

It follows that for s = O(Inn),

1
P [(pv(é) —7,(Inlnn) > 5) A (Y'tv(lnlnn)ﬂ > %)} =o(n™). 13)
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Using Statement 4 of Proposition 5.3, it follows that with probability 1 — o(n™!), for
t = O(Inn),

Ply1 =0 7,(Inlnn) <1 < 7,),B;,] <e """ =o(1),

and hence by (13) and Lemma 2.8, for s = O(Inn),

In§ _
P[z,(€) — 7,(nlnn) > s] < P [Xgmsm) < W} +o(n™).
Since
Ing =Inm"?In*m = (1/2+ o(1))Inn,
we set s = ¢ Inn for a constant ¢ > m and deduce
1 -1
Plt,(¢§) — t,(Inlnn) > clnn] <P XBi“z:lnn’l—o(l) < XYY +o(l) )Inn|+o(n™)

1 .
=P I:XBinclnn,o(l) = (C T oM 0(1)> In n] +o(n™")
= P[Xgin, 00 = ()] +0(n ™)
=o(n™).

Moreover, by making M, () — M arbitrarily small, we can achieve this bound for any
c= m + ¢, and the proof is complete. .

The proof of Theorem 5.5 is now complete, and, as discussed above, this establishes an
upper bound on the diameter of the giant component, as stated in Corollary 5.6.

5.1.3. Small Components. 'We now deal with distances between vertices which are notin
the giant component, or, more precisely, between vertices for which t(£) = co. We consider
the two possible types of small components in G(A, V) separately: tree components and
components that contain cycles.

We first compute an upper bound on the diameter of the tree components.

Lemma 5.9. For any € > 0, the maximum diameter of any tree component is AAS less

then .
<m +6> Inn. (14)

Proof. Note that if u, v belong to the same tree component, then the augmented 2-core
G~ consists of the ordinary 2-core G* along with a path connecting u, v which is disjoint
from G*. Also, the unexposed degrees of u, v must satisfy

deg“ ™" (u) = deg“"" (v) = 1.

Now, if we perform BFS beginning from u in G, to reveal a path of length r con-
necting u to v which does not connect to the 2-core, we must encounter » — 1 consecutive
endpoints of unexposed residual degree 1, and then in the r’th iteration, we must encounter
the remaining unexposed endpoint on the vertex v. Since the fraction of endpoints of unex-
posed residual degree 1 is at WHP at most 7,,(1) 4 o(1), then the probability of choosing
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(m + 6) In n consecutive endpoints of residual degree 1 is o(n~'). And, the probabil-

ity of choosing the remaining endpoint on v is O(n™"), so the overall probability is o(n~2).
The lemma now follows by considering all O(n?) possible pairs of endpoints and invoking
the first moment method. ]

We now consider small components which contain cycles. More precisely, we recall that
corollary 5.6 establishes an upper bound for the distance between any pair of vertices for
which 7,(3) < oo. Hence, we consider vertices for which 7,(3) = oo.

Lemma 5.10. Foranyv € V and any € > 0,
P[z,(3) = 00 A p,(3) > €Ilnn] = O(n~ "),

Proof.  We first note thatif 7,(3) = oo, then we must have deg“’ (v) = rj, < 2. Moreover,
in order for p,(3) > €lnn, the neighborhood size ry; must be either 1 or 2 for €lnn
consecutive iterations, and since the probability of repeating a neighborhood size is WHP
at most 77,,(1) 4+ o(1), we have

P[z,(3) =00 A p,(3) > €lnn] < (n, +o(D)™ '+ 0(n™") = 0™ 2D).

Then, in order for 7,(3) = oo, the neighborhood size must drop to 0 due to a cross edge;
this occurs with probability O(n~!). Hence, the probability of at least € In n neighborhoods
of size either 1 or 2 followed by a neighborhood of size 0 is O(n~(1+2), .

This lemma immediately implies if 7,(3) = oo then with probability 1 — o(n~!) the
maximum finite distance between v and any vertex in the 2-core is less than e lnn. It
follows that the maximum finite distance between any two such vertices is AAS less than
2¢ In n for arbitrary € > 0.

This lemma also implies that if 7,(3) = oo, then with probability 1 —o(n~!), most € Inn
vertices in the 2-core belong to the same connected component as v. Therefore, v cannot be
connected by a path to any vertex u with 7,(3) < oo, since any such u will AAS belong to
the giant component as shown previously.

These observations, which are summarized in the following corollary, complete the upper
bound proof of Theorem 5.1.

Corollary 5.11.  The following occur AAS simultaneously for all pairs of vertices u, v,
neither of which belong to tree components:

1. if t,(3) = oo and t,(3) = oo then either §(u,v) = o(Inn) or §(u,v) = oo;
2. ift,(3) < oo and t,(3) = 0o then §(u,v) = oo.

5.2. Lower Bound Proof for Theorem 5.1

In this section we prove the lower bound of Theorem 5.1 by showing that for any € > 0,
there AAS exist vertices u,v € V such that §(u,v) > (A, — €)Inn. Although we are
ultimately interested in the limiting residual distribution ., we first consider the diameter
of a random graph in which the limiting residual distribution is the 2-core distribution 7,,,
and then we extend this to the desired result.
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We first prove that almost all pairs of vertices in a graph with residual distribution n,, are

connected by a path of length at least - ;;l”(u) —o(lnn).

Lemma 5.12.  Let (A, V) be an endpoint partition which asymptotically satisfies assump-
tions 2.1 with limiting residual distribution n,,, and let u, v be vertices of degree O(1). Then,

foralle > 0
P |:c>o > 6(u,v) > (m —e) lnn:| =1-0().

Proof.  Itis shownin [17, 18] that the giant component of such a graph AAS contains all but
o(n) vertices, and it follows easily that any given vertex belongs to the giant component with
probability 1 —o(1). Hence, for any given pairu,v € V, we have P[§ (1, v) < co] = 1—o(1).

For the lower bound on §(u, v), we use the upper bound on neighborhood growth from
Lemma 3.6. Specifically, since M,(n,) = M;(u), then for arbitrary ¢, > 0 there exists

8 > 0 such that
t
M t
P er’i >q|= 0(M)
i=0 q

for all ¢ < ém. Hence, by making ¢, sufficiently small, for all ¢ < (m - e) Inn we
deduce P[Y__,r,; = o(m)] =1 — o(1).

i=0 Ty,

In other words, with probability 1 — o(1), the first # neighborhoods have combined size
o(m), and thus the probability that a path from v to an arbitrary vertex of degree O(1) is
exposed is also o(1). We conclude that the distance from u to v is at least r with probability

1 —o(1). .

We now consider the diameter a random graph with limiting distribution 1, but which
contains at least m'~°") vertices of degree 1.

Lemma 5.13. Let (A, V) be an endpoint partition which asymptotically satisfies assump-
tions 2.1 with limiting residual distribution n, and assume that V contains at least m' ="
vertices of degree 1. Then, for any € > 0, the diameter of G(A, V) is AAS at least

2 1
(—lnnm) MTYYAT _6) .

Proof. LetV, C V denote the set of vertices of degree 1, and for any v € V), let w, denote
closest vertex to v such that deg(w,) # 2 (other than v itself). Note that w, can be found
easily by performing BFS from v until a vertex of some degree other than 2 is found.

We now choose an integer C > 2 such that n,(C) > 0, and we let ¢t =

L(m - eo> In nJ for arbitrary €, > 0. For each v € V, we define the following
events:

* H, (v) occurs if both deg(w,) = C + 1 and §(v,w,) = 1;
* H,(v) occurs if w, # w, for all u € Vy\{v};
* Hv) = H,(v) AHy(v).

We claim that there AAS exist at least two vertices u, v such that H(#) and H(v) both
occur.
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Let us denote the exact fraction of endpoints of residual degree 1 by z = v (1),
noting that z = 1,,(1) 4+ o(1) by assumption, and let us denote y = 1,(C) > 0. Since the
event H; (v) occurs if and only if, during BFS, we encounter ¢+ — 1 endpoints of residual
degree 1 followed by an endpoint of residual degree C, we have

P[H, ()] = 2" 'y(1 + o(1)).

Also, it is clear that, for any u € Vy\{v}, we have P[w, = w, | H;(¥)] = O(m™"), and
since 1,(0) = 0, then we must have |V;| = o(m) by assumption, and therefore P[H,(v) |
H;(v)] =1 —0(1), and hence

PH»)] = P[H;(v) AH,(»)] = 2" 'y(1 +0(1)).

And, since |V;| = m'°® and z/~! = m®O-!
for which H(v) occurs is m©®.

For any pair of vertices u,v € V,, we similarly deduce P[H(v) A H(u)] = (z"'y)?(1 +
0(1)), and by the second moment method, it follows that with probability 1 — o(1) the event
H(v) occurs for w(1) vertices v € V.

In particular, there AAS exist u,v € V such that both H(«) and H(v) occur. And, any
path connecting such vertices u and v must pass through w, and w,, and therefore

, it follows that the expected number of vertices

S(u,v) =8(u,w,) +8(w,,w,) +8(v,w,)

1
= S(Wu, Wv) +2- \‘(Tnﬂ(l) — Eo) In }’ZJ .

Now, let 7* denote the o-field induced by all edges connecting v to w, for all v € Vj,.
Note that F* is clearly subuniform, and since AAS we have § (v, w) = O(lnn) forallv € Vj,
then |Uz+| = m — o(m) a.a.s. Hence, for vertices u, v such that H(z) and H(v) both occur,
by lemma 5.12 we have

1

P I:S(WM,WV) > <— —
InM; ()

el) 1nn|_7-'*:| =1-o0()

AAS for arbitrary €, > 0. The lemma now follows by choosing €, €, sufficiently small. «

To complete the lower bound proof of Theorem 5.1, we consider a set V, € V such that
[Vol = ©(n/ In? n) and such that V,, consists exclusively of vertices of degree 1. By Lemma
4.2, WHP a constant fraction of the vertices in V, have degree 1 in the V,-augmented 2-core
G*“" . Hence, we may apply Lemma 5.13 to G*'Y0 and conclude that that there AAS exist
vertices u, v € V, such that §(u,v) > (A, — €) Inn for arbitrary € > 0.

5.3. Other Cases

We now consider generalizations of Theorem 5.1 to graphs of higher minimum degree. The
proofs of the generalizations in this section are quite similar to the proof of Theorem 5.1
given above. Hence we only offer proof sketches, which describe how to adapt the original
proof to handle particular generalizations.

Recall that the term ﬁ in the constant A, reflects the fact that the longest shortest
w
1

path will include two long “strands” of length —- R

Moreover, the length of these strands
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is determined by the fact that the probability of repeating a neighborhood size during 2-core
BFS is 1, (1) + o(1) for a neighborhood of size 1.

The length of these “strands” changes when the minimum degree is at least 2. First,
obviously, the 2-core of a graph with minimum degree at least 2 is simply the entire graph,
so 1,(1) = wu(1l). More significantly, for graphs with minimum degree exactly 2, the
initial neighborhood size is also at least 2, so to repeat a neighborhood size, in general
we must choose two consecutive endpoints of residual degree 1. As a result, the longest
“strands” will have length #ﬂ(]) For graphs with minimum degree at least 3, there are
no endpoints of residual degree 1, and hence a neighborhood size can only be repeated
when cross edges occur. In this case, the “strands” have length o(Inn), and the diameter
is determined by m We now consider these two cases formally in the two theorems
stated below.

First, we consider graphs with ©(0) = 0 and u(1) > 0. In this case, our asymptotic
assumptions are not sufficient to determine the diameter; we must also require that the
minimum degree is in fact 2, otherwise the presence of vertices of degree 1 may increase
the diameter.

Theorem 5.14.  Let (A, V) asymptotically satisfy assumptions 2.1 with limiting residual
distribution | and assume that (1) > 0 and w(0) = 0, and that the minimum degree in
(A, V) is 2. Then AAS

1
() Mo

AGA, V) = ( —i—o(l)) Inn.

Proof Sketch. For the upper bound, we note that the first endpoint neighborhood during
BFS contains at least two endpoints, and the probability of repeating a neighborhood size
of two is wu(1)? + o(1). Using this observation, it is straightforward to adapt the proof of
Lemma 5.7 to show that for any v and any ¢, > 0, we have

1
pv(ll’l lnn) < <m + 60) Inn

with probability 1 — o(n~!). The only minor technicality is the fact that it is possible to
encounter a situation where the neighborhood size drops to 1 due to cross-edges. However,
the probability of such an occurrence is O(n~') for any given BFS iteration, and hence the
probability that an endpoint neighborhood of size 1 is either preceded or followed by more
than €, In n nonempty neighborhoods of size less than InInn is o(n™!).

The lower bound proof can be modified similarly by finding a pair of vertices u, v, such

that both # and v have (m - €0> In n consecutive endpoint neighborhoods of size 2. =

We now consider graphs with ;£(0) = (1) = 0 and with minimum degree 3.

Theorem 5.15. Let (A, V) asymptotically satisfy assumptions 2.1 with limiting residual
distribution u and assume that (1) = w(0) = 0, and that the minimum degree in (A, V)
is at least 3. Then AAS

AGA, V) = ( +0(1)) Inn.

In My (1)
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Proof Sketch. 1In this case, the minimum degree is at least 3, and hence the minimum
residual degree is at least 2. It follows that, for a neighborhood of size r,; = O(Inlnn), we
haver,;;; > r,; with probability 1 —o(1) and from this we can deduce p,(InInn) = o(Inn)
with probability 1 — o(n™"), and the upper bound follows. And, in this situation the lower
bound follows directly from lemma 5.12. .

6. COMPUTING THE DIAMETER FOR SPECIFIC DEGREE DISTRIBUTIONS

In this section, we describe a technique for computing the value of 7, (1), which is necessary
for computing the constant

2 1
Y =g, (1) InMi(w)

from Theorem 5.1. We then illustrate by computing the A, for some special degree
distributions.
The probability generating function (PGF) of a distribution u is given by

£u@) = BIM =Y 2ud.
i=0

The PGF is a central tool in the theory of branching processes, and the use of the PGF for
analyzing algorithms on random graphs is described in [11].

In particular, for any distribution w with M () > 1, the PGF will exhibit exactly one
fixed point in the range z € [0, 1); let us denote this fixed point by z,,. A straightforward
computation, using the expression for the 2-core residual distribution 7,, given in [12],
shows that the PGF of 7, is given by

fulzy + 1A =202 — 2z,
1 -2z, '

fnu (@) =

15)

Details of this computation are given in [11]. We also note that the distribution 1,, occurs
in the theory of branching processes, where 7, describes the number of surviving children
in a survival-conditioned branching process generated by u [2].

From Eq. (15), we immediately deduce

(D) =, 0) = £1(,).

Note also that the equality of the first moments of 1 and 7, stated in Theorem 4.1 can also
be deduced using the PGF by

MG, = £, (1) =£(1) = M().
Hence, in terms of the PGF, we have

_ 2 n 1
C —Infi(z)  Infj(1)

A, (16)
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6.1. The Diameter of G, ,

We now consider the diameter of the classical random graph G,,,, for p = ‘;’, where d > 1.
Itis known (e.g., [17,18]) that G, , forp = % can be studied using the configuration model
by specifying a Poisson degree distribution 7,(i) = f;"'. Also, the Poisson distribution
has the property that the residual distribution is the same as the original distribution, so

M, = 1q. Hence, the diameter of G, 4/, for 1 < d = O(1) is AAS given by

A(Gyam) = Mg, Inn+ o(Inn).

The PGF for the Poisson distribution 7, has the simple expression f,,(z) = ¢?“~D. The

. . L —W(—de—d .
fixed point of this function is given by z,, = %, where the Lambert W-function

W (z) is the principal inverse of f(z) = ze®. This gives the following expression for A

2 1

Ay = In —W (de—%) tha 17

The “average distance” between vertices in the giant component of G, 4/, is given by
Inn/Ind = log, n. The actual diameter hence exceeds the average distance by mivl%'
The qualitative behavior of the diameter of sparse G, , can be understood by examining the
plotin Fig. 1, which shows the ratio of the diameter to the average distance as a function of
the average degree.

From Eq. (17), it can be shown that A, Ind — 3 asd — 1and A, Ind — 1 as
d — o0 as the above plot suggests, and it is a simple exercise to derive increasingly
accurate asymptotic characterizations of A, as in

1 2 Ind
Aﬂdzm‘l‘g"f‘o 7 asd — oo

and so on.

2757
25¢
2.25¢

1.75}
1.5¢
1.25¢

10 20 30 40 50
Fig. 1. The function 57 a5 a function of the average degree d, which measures the ratio of the

: 1/Ind .
diameter to the average distance in the random graph G, 4/,
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6.2. The Diameter of Power Law Graphs

We now compute the diameter of random graphs with the so-called “power-law” distribu-
tions, in which the number of vertices of degree d is proportional to d—# for a given constant
B. The degree distribution for the random power law graph model proposed by [1] is

5

ha(i) = ﬁ,
with the zeta function £ (B) = Y - n~”. The residual distribution is therefore given by
) G+ DF
pp (i) = C(l——ﬂ)’
and the corresponding PGF is
Li(B -1,z
fuy @) = %,

oo N

with the polylogarithm Li(x,z) = } -, %.

Note that both the average degree and the average residual degree decrease as 8 increases.
For B > 2, the average degree is O(1), so the graph is sparse, and for 8 > 3, the average
residual degree is O(1) so the “average distance” is €2 (In n) In addition, the giant component
phase transition for this model occurs at the point 8 = 3.479 ..., where M, (ug) =1, so
for B > 3.479 ..., the graph no longer exhibits a giant component.

Hence, the results of this paper are relevant for the range 2 < 8 < 3.479. Moreover,
for 2 < B < 3, the “average distance” is o(In n), and therefore the leading constant for the

diameter is simply given by W The leading constant for the diameter of a random
—InfuZp

power law graphs is plotted in Fig. 2 as a function of g, along with the function
for g > 3.

2
—Inf (zu)

25 |
20 I
15+ ;

10t /

25 3 35

Fig. 2. The leading constant A, for the diameter of random graphs generated by the power law model
introduced in [1], as a function of B. For § < 3, the average distance is o(Inn), and therefore the
leading constant reflects only the contribution of long isolated paths. For 8 > 3, the dashed curve
shows the contribution of long isolated paths, given by m, while the vertical distance between
the solid and dashed curves represents the average distance. The dotted vertical line shows the phase
transition, which occurs at § = 3.479....
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APPENDIX

Proofs of Selected Lemmas

Lemma A.1 (Lemma 2.4). Let u be any distribution on Z*. Then for all € > 0, there
exists a § > 0 such that the following statement holds.

For any endpoint partition (A, V) satisfying || vy —wlli < 8, and for any subset V' €'V
satisfying |V'| < 8]A|, we have |A(V")| < €|A].

Proof. Choose an integer J sufficiently large that Zj> ; () < €/2, and partition the set
A into disjoint subsets A~ ;, A, according to residual degree:

As;={a €A :resuy)(a) > J}
Ay ={aeA:resuy(a) <J}.

Now, let B = A(V’), and note that since ||t — puwlli < 8, it follows that

A=

A = ZM(A,V)(]) <€/246

j=J

and therefore |BNA-,| < (¢/246)|A|. On the other hand, each endpoint in A _; has residual
degree at most J — 1, and therefore belongs to a vertex of degree at most J. Therefore, each
vertex in V' contributes at most J endpoints to BN A_;, and thus

IBNA_;| <J|V'| < JSIAI

€

The lemma follows by choosing § < 0D

Lemma A.2 (Lemma 2.6). For any distribution u on Z* U {—1} and any € > 0, there
exists a unique distribution (i on 2 U {—1} satisfying both ||iu — el < € and v > pq
for all distributions v on Z* U {—1} with ||u — v||; < €.

Proof. 'We denote the cumulative distribution function of u by

Fu() =PIX, <il =) pn()

i=—1

for j € Z* U {—1}. We note the function F, completely specifies the distribution w. In
addition, for distributions w, v on Z* U {—1}, we have u > v if and only if F,,(j) < F,(j)
for all j.

We define the truncated distribution in by its distribution function

Fl () = max{F,(j) +€/2,1}

forallj € Z* U {—1}.
It is easy to verify that ||t — tj|l1 < €. And, for any pair of distributions , v and any j,

J o
e = vl =Y 1w = vl + Y ) — v < 2IF.G) = F,()l.

i=—1 i=j+1

It follows that if || — v||; <€, then F,(j) < F,(j) + €/2 for all j, and hence v > ). =
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Lemma A.3 (Lemma 2.7). Letyy,...,y, be a random process adapted to a filtration
Fo=o0l0l,Fi,....F, andlet Y, = Z;Zl yi. Consider a distribution p such that D[y, |
F > walways for all 0 < s < t — 1. Then Y, dominates in distribution the sum of t
independent p-distributed random variables.

Proof. By induction, it suffices to prove that for a pair of random variables y;, y,, and for
distributions w1, i,, if thaty, > wy, and D[y, | y;] > u, always then

y: + Y2 > X[L] + Xuz

where as usual X, and X, are independent.
In this case, for any y such that P[y; = y] > 0, and for any s, we have

Plyi+y:>s|lyi=yl=PX, >s—yl=1—-F,(—y),
where as above F,, denotes the cumulative distribution function. Hence,
Ply, +y2 > s] =E[P[y; +y> > s | y1ll = E[1 — F,,,(s — y1)I,
and since F,, is nondecreasing, then

Ply: +y2 > s] > E[1 — F,,,(s — X, )] = P[X,,, + X, > s].

Lemma A.4 (Lemma2.8). Consider a sequence of Bernoulli random variables z,, 2, . . .,
adapted to a filtration Fy = o0, F1, F>, ..., and let L, = Z;Zl z;. Consider a stopping
time T and a constant 0 < p < 1 such that

Plzg.=1lt<t,Fl=p
always for all t > 0. Then, for any t,r > 0, we have

<rl].

Pl > 1 AZ, < 7] < P[Xgin,, <
Proof. 'We define a second adapted sequence of Bernoulli trials

z, ift<rt
Yy = .
! 1 ifr >,

and we let Y, = ZE:I y;. Clearly, Ply,,; = 1 | F;] > p always, and thus by lemma 2.7,
Y, > Bin,, for all #. Moreover, since Y, = Z, fort < 7, then

Plt >t ANZ, <r] < P[Y, = r] < P[Xgin,, = 1].

Lemma A.5 (Lemma 2.9). Let u be a distribution on Z* U {—1}, let r € Z* and 0 <
€ < 1, and let Y be a Z-valued random variable such 0 <Y < r always and such that

d
Y D> XBi"r,l—e/Z' Then
Y d r
Z Xyi > Z Xugars-
i=1 j=1
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Proof.  'We shall in fact prove the stronger statement

Y r
S X+ D E S Xy + .

i=1 j=1

d
Note that since X, + 1 > 0 always, and since Y > Xgin,, _, > We have

XBin, | ¢/2

Y
S Xu+DE Y X+,

i=1 j=1

It therefore suffices to prove

XBi"r,lfe/Z r
d
Y XD Y X+ D (18)
i=1 j=1
Now, let I,_.,, denote a Bernoulli random variable with P[I;_., = 1] = 1 — ¢/2

. d
and P[I,_., = 0] = €/2. Since XBinr,l—e/Z = Z;:I I,_/»;, where as usual the I,_,,; are
independent, we can express the left hand side of the above expression as

XBi“r,lfe/Z

Y XA DEY T (X4 D). (19)

i=1 j=1

It is clear that
IDM—e X, + D] =D[X, + 1]l <€,

and therefore .
Ilfe/Z(Xu + 1) > XI)[E] + 1 (20)

by Lemma 2.6. Equation (18) now follows from (20) and (19), and the proof is complete. =

Lemma A.6 (Lemma 3.5, [10,15]). Let u be any distribution on Z* U {—1}. Then for all
M < M () there exists a C > 0 such that for all n > 0,

P |:Z X, < Mn:| <e

i=1

Proof.  Let us denote the cumulant generating function of the random variable —X, by
A(z) = InE[e ],
and we note that since p has support in [—1, 00), then A(z) is convergent for all z > O.
Also, letY = Y7 X, and note that InE[e™*Y] = nInE[e"*¢] = nA(2).
For any z > 0, by Markov’s inequality we have

P[Y < Mn] = Ple™™ > e "] < E[e™¥]e™M" = " A @+M),
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Since lim__, o+ M = A'(0) = —M,(p), then for z, sufficiently small we have A(zy) <
—zoM, and hence by setting C = A(zp) + z0M < 0, we conclude

’ {Z Xpi = Mn:| =P[Y < Mn] < ¢""c+0M) — o=Cn,
i=1

Lemma A.7 (Lemma 4.2). Consider an endpoint partition (A, V) as in Theorem 4.1 and
consider a subset W C V such that |A(W)| = o(m/ Inm). Then WHP |A“W\A¥| = o(m).

If. in addition, |A(W)| = m®" then AAS a constant fraction of the endpoints in A(W)
belong to A<V,

Proof.  As noted in the main text, this lemma follows almost immediately from any proof
of the 2-core result in either of [9, 12, 14]. We give a brief self-contained proof that relies
only on the statement of Theorem 4.1 and the results of [17, 18].

For the first statement, we first show that for any set W and any w € W, we have

PIA“Y| — A"\ = O(lnn)| =1 —o(n™").

The first statement of the lemma then follows by removing one vertex from W at a time.
We note that if deg”" (w) > 2 then A*W = A"\ 50 we consider the case where
deg" (w) > 1.Inthis case A"\ (A*"\)) will contain all endpoints on the path connecting
w to the nearest vertex of any degree other than 2 in G Moreover, this path can be found by
performing BFS, and the length of the path is equal to the number of consecutive endpoints
of residual degree 1. It follows by Theorem 4.1 and by the fact that A*" O A* that WHP, the
fraction of endpoints of residual degree 1in A" is 1 - (1). Hence, there exists a constant C
such that the probability choosing more than C In n such endpoints consecutively is o(n™!).
For the second statement of the lemma, it is only necessary to compare that the size of
the 2-core computed in [9, 12, 14] and the size of the giant component, computed in [17, 18].
Specifically, the giant component contains €2 (m) more endpoints and €2 (n) more vertices
than the 2-core. It follows that a constant fraction of the vertices (and endpoints) which are
not in the 2-core still belong to the giant component and therefore are connected by a path
to the 2-core, and hence if the set A(W) is sufficiently large (i.e., m®"), then by standard
means it follows easily that AAS a constant fraction of these endpoints will be connected
by a path to the 2-core, and thus belong to A<V, .

Lemma A.8 (Lemma5.2). Consider disjoint subsets Sy, S, C A such that both |S,|, |Sz2| >
m'/? In> m. Then R
PIE(S) NS, = 0] =m V.

Proof.  First, note that any given endpoint in S; matches into S, with probability at least
|S2]/m > m~1/2. Now, if a particular endpoint in S; does not match into S,, it may match
to another endpoint in S;. Nevertheless, if we sequentially expose the matches all of the
endpoints in Sy, there are at least |S;|/2 chances to find a connection to S,. The probability
that no connection is found is therefore at most

ml/2 nZ m
~12 m!/2 102 m 1 ’ 1 el ! —Q(Inm) —w(l)
m e—o0
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