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We investigate structural properties of large, sparse random graphs
through the lens of sampling convergence (Borgs et al. (Ann. Probab. 47
(2019) 2754-2800). Sampling convergence generalizes left convergence to
sparse graphs, and describes the limit in terms of a graphex. We introduce
a notion of sampling convergence for sequences of multigraphs, and estab-
lish the graphex limit for the configuration model, a preferential attachment
model, the generalized random graph and a bipartite variant of the configura-
tion model. The results for the configuration model, preferential attachment
model and bipartite configuration model provide necessary and sufficient con-
ditions for these random graph models to converge. The limit for the configu-
ration model and the preferential attachment model is an augmented version
of an exchangeable random graph model introduced by Caron and Fox (J. R.
Stat. Soc. Ser. B. Stat. Methodol. 79 (2017) 1295-1366).

1. Introduction.

1.1. Aims and informal overview. The study of large networks, arising from applications
in the social, physical and life sciences, has witnessed meteoric growth over the past two
decades. It is widely believed that a thorough understanding of the typical structural prop-
erties of these large networks can often provide deep insights into the workings of many
social, economic and biological systems of practical interest. Random graph models have
been extensively used to study properties of these networks, with many recent models aimed
at capturing specific properties of real world networks (we refer the interested reader to [24]
and the references therein for an overview).

In this light, it is desirable to study the asymptotic structural properties of random graphs.
A natural question here is to identify a deterministic structure that captures the typical be-
havior of these random graph models. This question is analogous to deriving strong law of
large numbers, but now on the space of graphs. The first challenge is to figure out the topol-
ogy needed on the space of graphs for such convergence results. In case of dense graphs,
where the number of edges in the graphs scale quadratically with the number of vertices, the
theory of graph limits [9, 16, 17, 23, 35-37] provides the relevant framework to obtain this
asymptotic description, and an extensive line of work [8, 20, 41] is aimed at describing the
asymptotic behavior of dense random graphs. However, this framework fails to provide non-
trivial information about sparse graph sequences, and thus motivates a recent line of work to
extend the theory of graph limits to the sparse setting [7, 10-14, 28].
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In this paper, we derive limits of fundamental sparse random graphs with respect to the
notion of sampling convergence introduced recently by Borgs et al. [12]. Empirical evidence
suggests that typical real-world networks are composed of high degree vertices, called “hubs,”
which form a skeleton of the network, and low degree vertices that constitute the body of the
network [3, 39]. The limiting object under sampling convergence, called graphex, makes this
distinction explicit; see Section 1.5 for a more detailed discussion.

Our principal contributions in this article are as follows.

Convergence of multigraphs. We introduce a notion of sampling convergence for multi-
graphs, generalizing the notion of sampling convergence introduced in [12], and identify the
resulting limit object, which we call a multigraphex. We also formulate an equivalent notion
of convergence in terms of certain two-dimensional point processes; it is this representation
we use when establishing the limits of the various random models considered in this paper.

Limits of random graphs. We deduce the (multi)graphex limit of fundamental random graph
models, under the sparse setting—the configuration model (Theorem 1.2), a preferential at-
tachment model (Theorem 1.6), the generalized random graph (Theorem 1.7) and a bipartite
variant of the configuration model (Theorem 1.10). The proof techniques here are completely
disjoint from the previous results in the dense settings [8, 20, 41]. In the dense case, graph
convergence is equivalent to convergence of subgraph densities, which are real-valued ran-
dom variables. Such equivalence breaks down in the sparse setting. To this end, we make use
of an idea, put forth in [12], that sampling convergence is equivalent to weak convergence
of certain two-dimensional point processes (Proposition 1.1). The relevant point processes
for the configuration model, the preferential attachment model and the bipartite configura-
tion model all have a specific “rank-one” structure (see Remark 5 below), which in turn
allows us to conclude that weak convergence is equivalent to the weak convergence of a one-
dimensional Lévy process. This facilitates a precise characterization of the necessary and
sufficient conditions for sampling convergence in these random graph models. To illustrate
the “nonrank-one case,” we analyze the generalized random graph, and derive sufficient con-
ditions for sampling convergence. Our analysis in this case provides a fairly general template,
and may prove to be useful for establishing sampling convergence for other graph sequences
of practical interest.

New interpretation of the Caron—Fox model. Finally, our results provide a novel, alternative
perspective on the Caron and Fox [19] model, which has induced immense recent interest
in theoretical statistics. Specifically, a corollary of our result (Theorem 1.2) establishes that
Caron—Fox graphs can be interpreted as the limit of samples from a configuration model or
preferential attachment random graphs.

1.2. Notation and terminologies. Before we progress further, we introduce some nota-

tion used throughout our subsequent discussion. We use the standard notation of E, and %
to denote convergence in probability and in distribution, respectively. We use the Bachmann—
Landau notation O(-), o(-), ©(-), Q(-), w(-) for asymptotics of real numbers. R = [0, c0),
R, =Ry U{oo}, Ng = NU{0} and ®: = product of measures.

Given a multigraph G, we use the generic notation V(G), E(G) to denote the set of vertices
and edges, respectively, and set v(G) = |V(G)|. Further, we denote the number of nonloop
edges as e(G). Let & ¢ denote the set of all multigraphs with finite number of vertices and
edges. Thus & ; is countable and we equip this space with discrete topology.

For any topological space X, Z(X) will denote the Borel sigma-algebra of X. We define
a measure on a metric space to be locally finite if it assigns finite measure to all bounded
Borel sets. Let M(R,) and M (R%r) denote the space of locally finite Borel measures on R
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and R%, respectively, equipped with the vague topology. N'(R}) C M(R4) and N (R?%) C
M(R%r) will denote the subspaces of counting measures, equipped with the vague topology.
For a Polish space S, let P(S) denote the space of all probability measures on (S, #(S)),
equipped with the topology for weak convergence of probability measures. For an S-valued
random variable X, let £(X) denote the law of X, which is an element of P(S).

We will also need the notion of completely random measures, defined as random measures
u € M(R,) that obey the condition that for all finite families of bounded disjoint sets (A;); <k
in Z(R4), (u(A;))i<k is an independent collection of random variables. We will in particular
be interested in completely random measures that are stationary, that is, completely random
measures p such that the distribution of w([¢, ¢ 4 s]) depends only on s for any 7, s € Ry.
These can be represented in the form

(1.1) w=ak+y widy,,
i>1

where {(w;, 6;)}i>1 is a Poisson point process on (0, oo) x R with rate measure p (dw)A(d6),
with p obeying certain integrability conditions; see Appendix B for details. We use the nota-
tion CRM(aA, p x X) for the law of a completely random measure of the form (1.1).

Finally, given a topological space X and an interval I C R, we use D(/, X) to denote the
set of cadlag functions f : I — X, that is, the set of functions f that are right continuous,
and have limits from the left.

1.3. Sampling convergence and multigraphexes.

Sampling convergence. The following two definitions are straight forward generalizations
of the notion of sampling and sampling convergence from the simple graph setting of [12] to
our multigraph setting.

DEFINITION 1 (p-sampling). For a multigraph G, the p-sampled multigraph (denoted
by Smpl(G, p)) is an unlabeled random graph obtained by keeping each vertex independently
with probability p, taking the induced edges on the kept vertices and deleting the isolated
vertices.

DEFINITION 2 (Sampling convergence). Let (G,),>1 be a sequence of (multi)graphs.
(Gp)n>1 is said to be sampling convergent if for all # > 0, Smpl(G,, t/+/2e(G,)) converges
in distribution in & .

The distribution of the sampled graph is characterized by the subgraph frequencies, and
thus relates to left convergence. In order for the sampled subgraph to be informative, p is
to be chosen such that the sampled subgraph is nonempty. The choice of p ~ 1/4/e(G,)
ensures that the sampled subgraph has ® (1) number of edges in expectation, and hence also
an expected number of vertices that is ®(1). Note that in the sparse setting, this holds since
we removed the isolated vertices—without this, the expected number of sampled vertices,

tv(G,)//2e(G,), would diverge.

Graphexes and adjacency measures. Next, we formally introduce the limiting objects for
sampling convergence.

DEFINITION 3 (Random adjacency measure). An adjacency measure is a measure & €
N (R%r) such that £(A x B) = &(B x A) forall A, B € (R.). A random adjacency measure
isaN (Ri) valued random variable that is almost surely an adjacency measure. It is called

exchangeable if & (¢_1(A) X d)‘l(B)) 4 £(A x B) for every measure preserving map ¢ :
R+ e R+.
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Expressing a random adjacency measure & as

S = Zlgij5(a,-,aj),
ij
where B;; € No, one can naturally associate an unlabeled graph G (&) as follows: Consider
a countable vertex set where vertex i is labeled by o;. G(§) is obtained by having f;; many
edges between the vertices labeled o; and «;, deleting the isolated vertices and finally erasing
the labels of the vertices.

The limits of sampling convergence will be related to a & ¢ valued stochastic process
obtained from specific random adjacency measures in a way we make more precise below.
To define the random adjacency measures under consideration, we first define a multigraphex.
We denote the sequence space £1 = {(x;)i>1 : x; € Ry Vi, Y 72, x; < 00}.

DEFINITION 4 (Multigraphex). A multigraphex is a triple W = (W, S, I) such that [ €
21, S : Ry — £ is a measurable function, and W : R%r X Nog — R, is a measurable function
satisfying W(x, y, k) = W(y, x, k), Z/fio W(x,y, k) =1, for any x,y € R} and k € Np.
We will assume throughout that min{} ;~; S(:, k), 1} is integrable. Further, setting uw (-) =
(1 —W(,y,0))dy, we assume that:

(@) A({x :pw(x) =o00}) =0and A({x:puw(x)>1}) < oo,

b)) [0 =W, y, )NL{uwx) < }1{uw(y) < 1}dydx < oo,
(¢) [(1—=W(x,x,0))dx < co.

W is called a multigraphon, S is called a multistar function and [ is called an isolated edge
sequence. A graphon W is a multigraphon with W (x, y, k) = 0 for k > 2. In this case, we
describe the graphon as a function W : Ri — [0, 1] and set W (x, y) = W(x, y, 1). Similarly,
a simple star function S : Ry +— £ satisfies S(x, k) =0 for k > 2 and all x € Ry. In this
case, we describe the star function as S : Ry — R, and set S(x) = S(x, 1). Finally, a simple
isolated edge constant / corresponds to the case where I (k) =0 for k > 2. In this case,
we represent [ = I (1) as a constant. A graphex is obtained by replacing the multigraphon,
multi-star function and multiedge sequence in Definition 4 by their simple analogues, with
the isolated edge constant sometimes referred to as the dust component of the graphex [11,
28].

In this paper, the case where W is a multigraphon, but / and S are simple plays an impor-
tant role; henceforth, whenever we specify a star function S : R} +— R or an isolated edge
constant /, we assume that these describe a star function or an edge sequence with S(x, k) or
I (k) =0 for k > 2 without explicitly mentioning it in every case.

DEFINITION 5 (Adjacency measure of a multigraphex). Given any multigraphex W =
(W, S, I), define &y, the random adjacency measure generated by VV as follows:

=Y ijd@.6,) +Z§u§(9 )+ 2805, xjK) 86,0 + 8.6/
i#]j J.k

+ Zh %) ey T Snpm))s

r—1
(1.2) gi=r if Y W, v;,1) <Uyj <ZW(U,,UJ,1)
=0 =0

r—1
g, xjx) =r if ZS(vJ, )<xjk<ZS<v,,l)



2834 BORGS, CHAYES, DHARA AND SEN

r—1

.
h(p)=r if Y IO <ul <Y IO,
=0 =0

where (Uy; j))i j>1 is a collection of independent uniform[0,1] random variables, {(6;,
vj)}j=1, {(Xjk,0ji)}k=1 for all j > 1 are unit rate Poisson point processes on RZ, and
(M, M M)k=1 is a unit rate Poisson point processes on Ri, where all the above Poisson
point processes are independent of each other and (Uy; j))i, j>1-

REMARK 1. Itis not too hard to check that the measure &)y introduced above is a.s. lo-
cally finite and defines an exchangeable random adjacency measure. This raises the question
whether every exchangeable random adjacency measure necessarily corresponds to some
(possibly random) multigraphex. For graphexes, this result was established in [42], Theo-
rem 4.7. Their proof crucially uses a local finiteness criterion from Kallenberg [31], Propo-
sition 9.25, which however turns out to not be quite correct. Indeed, the conditions for local
finiteness in this proposition need to be supplemented by an extra condition, which was im-
plicitly assumed by Kallenberg in his proof (as well as in the proof of [42], Theorem 4.7).
We discuss this issue in [15], where we state and prove the corrected proposition, and then
apply it to prove the analogue of [42], Theorem 4.7, for multigraphexes, stating that for any
exchangeable random adjacency measure &, there exists a random multigraphex V such that

tLg,,

The adjacency measure &y associated with the multigraphex W = (W, S, I) naturally
defines a & y valued stochastic process, as we define next. For a point process &, let us denote
by &4 the measure £ restricted to A.

DEFINITION 6 (Multigraphex process). For any given multigraphex WV, we define the
multigraphex process generated by VV as the & y-valued stochastic process (GP;(W));>0
where GP; (W) = g(SW|[O’t]2).

REMARK 2. There is an equivalent, albeit operationally slightly simpler description of
the distribution of GP,; (V). Indeed, it can be obtained by considering a single Poisson process
{vj}j>1 of rate r on R, and then adding edges according to the following procedure:

> fori # j, connect v; and v; with n;; edges, where P(n;; =r) = W(v;, vj, r);

> for each j, add n; self-loops to v;, where P(n; =r) = W(v;,vj,r);

> for each j add a multistar to v; by adding edges of multiplicity r at a rate tS(v;, r);
> add isolated edges of multiplicity r with rate 7 (r).

Discard all isolated vertices (as well as all labels), and output the resulting unlabeled graph.
Finally, we define sampling convergence of a sequence of multigraphs to a multigraphex.

DEFINITION 7 (Convergence to multigraphex). A sequence (G,),>1 of (multi)graphs is
said to converge to a (multi)graphex W if for all ¢+ > 0, (Smpl(G,, t/+/2¢(Gp)))n>1 con-
verges to GP; (W) in distribution.

Of course, it is not clear whether sampling convergence in the sense of Definition 2 implies
convergence to a multigraphex. To address this question, we first introduce an equivalent
characterization of sampling convergence for multigraphs.



GRAPHEX LIMITS OF RANDOM GRAPHS 2835

DEFINITION 8 (Random labeling). A labeling of a multigraph G into [0, s], denoted by
Lbl (G), is a point process generated as follows: For a collection (Uy),ev(G) of independent
and identically distributed uniform[0, s], associate weight U, to vertex v. Then Lbls(G) :=
Zv,weV(G) nywd(w,,u,), where ny,, denotes the number of edges between vertices v and w.

The canonical labeling of G, denoted by Lbl(G), refers to the case s = /2e(G).

PROPOSITION 1.1. Consider a sequence of multigraphs (G,),>1 with e(G,) < oo for
all n > 1 and lim,_, », e(G,) = 00. Then the following are equivalent:

(1) (Gp)n>1 is sampling convergent.
(il) (LbI(G,))n>1 converges in distribution as random variables in N (Ri).

Moreover, if the distributional limits of (Smpl(G,, r/~/2e(G,)))n>1 and (LbI(G,)),>1 are
given by H, and &, then Lbl,(H,) 4 & |[0, 2 Further, & is extremal. Therefore, there exists a

multigraphex VW (nonrandom) such that & 4 &w, and (Gp)n>1 is sampling convergent to V.

The above proposition says that the limit of any sampling convergent sequence of graphs
must be a multigraphex. For simple graphs, an analogue of Proposition 1.1 was proved in [12],
Section 3, relying in turn on [42], Theorem 4.7. Modulo the issues mentioned in Remark 1,
the proof in the multigraph setting is very similar. We provide an outline in Appendix A.

1.4. Limits of random graphs.

Configuration model. The configuration model is the canonical model for generating a ran-
dom multigraph with a prescribed degree sequence. This model was introduced by Bollobas
[5] to choose a uniform simple d-regular graph on n vertices, when dn is even. The idea
was later generalized for general degree sequences d by Molloy and Reed [38] and oth-
ers (see [24]). Consider a sequence d = (di, da, ..., dy,) such that €, =} ;[ di is even,
where [n] = {1, ..., n}. Equip vertex j with d; stubs or half-edges. Two half-edges create
an edge once they are paired. Therefore, initially there are £, = } ;) d; half-edges. Pick
any one half-edge and pair it with a uniformly chosen half-edge from the remaining un-
paired half-edges. Keep repeating the above procedure until all the unpaired half-edges are
exhausted. The random graph constructed in this way is called the configuration model, and
will henceforth be denoted by CM,,(d). Note that the graph constructed by the above proce-
dure may contain self-loops and multiple edges. We define erased configuration model to be
the graph obtained by collapsing all the multiple edges to single edges. We denote this graph
by ECM,,(d). This is slightly different compared to the erased configuration model in [24]
since instead of deleting the loops, we merge multiple loops into single loops.

We will want to study the sampling limit of a sequence of configuration models, given in
terms of a sequence of sequences of (d,),>1, but for notational convenience, we suppress the
index n of the sequence d,,, and just speak of the limit of a sequence CM,,(d) random graphs.
Since isolated vertices are removed in the process of sampling, we will assume without loss
of generality that d; > O for all i. The following quantities determine this limit:

1

o0
P i= Sq . b= [ (xADp(ED.

with p, considered as a measure on (0, o0). Throughout this discussion, we will assume
that maxj<;<, di = 0({,,). Note that the assumption d; > 0 trivially implies that £,, > n. This
restriction is purely technical, and might possibly be relaxed. We do not pursue this in this
paper.
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Next, we introduce the limiting graphex for a sequence of configuration models. Given
any measure p on (0, co) satisfying fooo (x A1) dp(x) < oo, we use p to denote the tail Lévy
intensity

) = /Oomdy).

1 1

Defining o' as its inverse, 5! (y) :=inf{x € Ry : 5(x) < y} we note that p—! is a cadlag
function from (0, co) to Ry. It will be convenient to extend /3_1 to a function defined on
R by setting 5~1(0) = 0. Finally, let p(k; 1) be the probability that a Poisson A random
variable takes the value k, p(k; 1) = e *A%/k!. For any a € R and any measure p on (0, 00)
satisfying [5°(x A 1)dp(x) < oo, we define

ko Yx)p (), ’

rentn b= [pgk' ’3_185/2)(”) N

(1.3) plk: p ’ i
2
Soun) =ap~ @), lem= -

It is easy to see, by direct computation, that the graphex Wem = (Wem, Soum, Iem) satisfies
the integrability criteria in Definition 4, and thus the associated random adjacency measure is
locally finite. The multigraphex defined by (1.3) is closely related to the directed multigraph
in Caron and Fox (2017); see [19], (12).

The following result derives necessary and sufficient conditions for the sampling conver-
gence of CM,, (d) random graphs, and characterizes the limiting objects. To state our theorem,
we introduce two random objects defined in terms the sequence d = (dy, . .., d,) and the as-
sociated cadlag function p,; I.a cadlag process (Y5 (2))s>0 with

> dil{U; <1,
“/_le[n

where (U;);¢[n) 18 an 1.1.d. sequence of random variables U; ~ uniform[0, v/£,], and a com-
pletely random measure

(1.4) tn =Y by ()3,

i>1

Y, (1) =

where {(v;, 6;)};>1 is a unit rate Poisson point process on Ri.
We write Pcm to denote the product measure ), P,. The probability measure Pgcy is
defined analogously.

THEOREM 1.2. The following are equivalent:

(1) CM,(d) is sampling convergent a.s. Pcy.

(ii) There exists a random measure |4 such that L(ju,) converges to L(u) in P(M(R4)).
(iii) There exists b and p such that b, — b and p, — p vaguely.
(iv) (Yn(#))i=0 converges in distribution in D(Ry, Ry ).

Moreover, if (iii) holds, then fooo(x ADp@dx) <b <1, and n is of the form (1.1) with
a=>b— [(x A)p(dx). In this case, (Y, (t));>0 converges in distribution to (Y (t));>0,
where Y (t) = ([0, t]), and CM,,(d) is sampling convergent to the multigraphex Wem =
(WeM, Sem, Iem), almost surely Peyv, where Wew is defined in (1.3).

REMARK 3. The graphon limit of dense configuration models was derived in [41]. It
is easy to see that Theorem 1.2 recovers the dense graph limit in case £, = ®(n?). Réth
and Szakécs [41] establish left convergence by explicitly computing the expected subgraph
densities. In the sparse regime, this proof technique is no longer applicable.
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REMARK 4. When proving the equivalence of (ii) and (iii), we will at the same time
prove that under the condition (iii) from the above theorem,
& &

1.5 = lim liminf dx) = lim li dx
(L.5) @ = lim liminf | xpp (dx) Jim lim sup | xpp (dx)
(in fact, we will show that the condition b,, — b in (iii) could be equivalently be replaced by
the condition that the second equality in (1.5) holds). Since fos X0, (dx) = é > idil di<e Ty
the constant a therefore represents the limiting fraction of half-edges with degrees d; =
0(y/£,), and the condition b,, — b is the condition that this limiting fraction exists.

REMARK 5. Let £cm be the random adjacency measure associated to the multigraphex
Wem, and let 5gM = &cMl(x,y):y<x- Then &cm has the following “rank-one” structure:
For any disjoint set A, B € (R, ) of finite measure, the distribution of £3%,(A x A) is
Poisson(,u(A)z/Z) and that of £cv(A x B) is Poisson(u(A)u(B)). See Appendix C for the
precise statement and proof.

We obtain the following corollaries from Theorem 1.2. Define the graphon Wgcwm by

l—e P @7 sy

WECM(xv Y) = {1 . e—ﬁfl(x)2/2,

X=Y,

as well as a rescaled graphex Wi := (Weem (V-5 £/€9), \/LESCM(«/E-), %ICM). Recall from

[12] that any sequence of simple graphs with #loops = O (y/#edges) has a convergent subse-
quence. The following corollary characterizes possible limit points for ECM,,(d) under mild
regularity conditions on the degree distribution.

COROLLARY 1.3. Suppose that p, — p vaguely, b, — b € R,.. Further, assume that

(1.6) /Ooo /Ooo(l —e ) pp(dx)pp(dy) > ¢ asn— oo

for some 0 < ¢ < 00. Then, as n — 00, ECM,,(d) is sampling convergent to the graphex
WeceMm @-5- PEcm. Moreover, if the left-hand side of (1.6) is bounded away from zero, then the
limit of any a.s. Pgcm convergent subsequence of ECM,,(d) is of the form WECCM, for some
constant C > 0.

As a further consequence of Theorem 1.2, we study when the limit is a pure graphon or
purely isolated edges. To this end, we define the uniform tail regularity for a sequence of
multigraphs.

DEFINITION 9. For a vertex G, let d,(G) denote the degree of vertex v. A sequence of
(multi)graphs (G,),>1 is uniformly tail regular if for any ¢ > 0, there exists § > 0 such that
foralln > 1,

1
e(Gyp)

> dy(Gp) <.
vidy<8/e(Gy)

Note that Definition 9 is equivalent to [10], Definition 13, for simple graphs (see [10],
Remark 14, and [11], Lemma 9.3). Also, recall the definition of stretched cut metric from
[10].
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COROLLARY 1.4. Assume that p, — p, by, — b € Ry. Then Icp = 0 if and only if
CM,,(d) is uniformly tail regular a.s. Pcm. Moreover, if Icm = 0 and (1.6) holds, then
ECM,,(d) is uniformly tail regular a.s. Pgcm. In this case, ECM,(d) converges to Wgcy
in the stretched cut metric a.s. PecM.

COROLLARY 1.5. As n — oo, CM,(d) is sampling convergent a.s. Pcy to (0,0, Iem)
if and only if b, — b, p, — p vaguely, with p = 0.

Preferential attachment model. 'We consider a generalization of the preferential attachment
model. This model was first introduced by Pittel [40], and the graph limit in the dense counter
part of this model was studied in [8, 41]. Let k = (k;);c[n] be a sequence of nonnegative real
numbers, and let €, = ), cp, k- Initially, PA, (k, 0) is an empty graph on vertex set [n].
Let d;(I) denote the degree of vertex i in PA,(«k,[). Given the graph PA,(k,[) at time /,
PA, (k,l + 1) is created by adding one edge to the graph with the end points being chosen
with probability proportional to d; (/) + «;. More precisely, the edge (i, j) is added at step [
with probability

2(d; (D) +«i)(dj (1) +K;)

fori i

(€n e +20)2 ori#Jj
(di (1) + i)? fori— i
(e +20)? -

The above process iterates m;,, times to yield PA, (k, m;). Throughout, we will assume that
max; k; = 0({, ) and min{€, ,,m,} = w(logn).

When (k;);c[q] are integers, the above process can simply be described by an urn scheme
where we start with an urn with «; balls of color i, for i € [n]. At step [, we select two balls
with replacement from the urn. If the colors of the chosen balls are i and j, we add an edge
between vertices i and j. We also add one additional copy of the balls in the urn with color i
and j before the next iteration.

REMARK 6. The model in [8, 41] is slightly different in the sense that the /th edge is
formed by first drawing the (2/ — 1)th ball from the urn, replacing that ball in the urn and
then drawing the 2/th, instead of drawing two balls together at step /. However, this does not
change the limiting result for the preferential attachment model.

The next theorem states that the limit for preferential attachment model. As we will see, as
long as m, = 0(6%’ ), the model behaves very much like a configuration model with degree

sequence (czl-) ic[n] Where d; is the expected degree of i at time m,,,

2my,

d; =E[d;(m,)] =

K.
n,K

To formalize this, we set

o0
by = /0 (A 1) pu (d),

Pn, Z‘Sd >
~2m”len] Nezn

define p,  in terms of ,5,,_ . instead of o, ! similarly as in (1.4), and define

V2m
Yoo (t) = J_ D AU =ty ==— > Ui =1},
”le [n] K jeln]

where (U;);¢[n) 1s an 1.i.d. sequence of uniform random variables in [0, /2m,]. We will use
sequences (k"),>1 and define the measure Ppay analogous to Pcy.
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THEOREM 1.6. Assume that m, = O(K%’K). Then PA,(k,my), Unis bn, Pni, and
(Y.« (1))s>0 satisfies the the class of equivalent statements (i)—(iv) in Theorem 1.2 a.s. Ppanm.
Moreover, if ppx — p and a =1lim,_ o0 [(Xx A1) py. (dx) — [(x A1) p(dx), then PA, (k, my,)
is Ppam almost surely sampling convergent to the graphex Wew is defined in (1.3).

REMARK 7. Consider the case where (k;);c[»] 1S a collection of positive integers with
£,.« being even. Then, if ¢, , /2m, — 1, the sampling limits of PA, (x, m,) and CM,, (k) are
identical. Further, if k; = 1 for all i € [n], then p is the zero measure and b = 1, corresponding
to the limiting graphex Wem = (0, 0, 1/2) and a sampling limit consisting of just isolated
edges.

REMARK 8. Borgs et al. [8] and Réith and Szakécs [41] derived the graphon limit for this
model in the setting m,, = @(ﬁﬁ’ ), and k; =« for all i € [n], where « is a universal constant
independent of n. A comparison between their results and Theorem 1.6 shows that the lim-
iting graphons are very different. In particular, a naive extrapolation based on Theorem 1.6
turns out to be incorrect. Intuitively, this discrepancy is explained by nontrivial fluctuations of
the vertex degrees around their expectations. As a result, the measure p, , introduced above,
does not adequately capture the degree characteristics in the dense setting. As a consequence,
this establishes that our assumption m,, = o(ﬁ,%’ ) in Theorem 1.6 is, in fact, optimal.

Generalized random graph. Given a weight sequence (w;);e[n], the generalized random
graph model, denoted by GRG,, (w), is obtained by connecting vertices i and j independently
with probability

1.7 Wit

(L.7) pl]_Ln-i-wiw]"

where L, =3; e[n] Wi- Throughout, we will assume L, = w(logn). This model has been of
considerable theoretical interest since, conditionally on the degree sequence d, this gives a
uniformly chosen simple graph with degree sequence d [18, 24]. This is also related to the
B-model, studied in [20]. The generalized random graph model falls into the larger class of
inhomogeneous random graphs, studied in the seminal work of Bollobds et al. [6], where the
phase transition in the connectivity structure was characterized for the finite average degree
regime.

ASSUMPTION 1.
1) pnw= «/;L_n Die[n 0 % converges vaguely to some measure py,.

(i) limg—olimsup,_, o fg *on,w(dx) = lim,_ o liminf,_, o /[ Xpn,w(dx) = a for some
constant a.
(iii) liminfy— o0 [~ /5~ T3y Pn(dx)pn (dy) > 0.

Define the graphex W(C}RG = (WgRG, SgRG, IgRG), given by

B (WCx)py ' (V/Cy) ifx
Wk (6. 9) =1 1+ 53 (VCx)m (V/C) .
0 0.W.,
a a2
Sora(¥) = =Py (VCX). lGro = 55

We will use sequences (w,),>1 and suppress the dependence on n for notational convenience.
Further, we use Pgrg to denote the joint distribution of sequences of GRG,(w) random
graphs, where the graphs are sampled independently for each n.
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THEOREM 1.7. Suppose that GRG,, (w) satisfies Assumption 1, and

. e.¢] o xy
(18) Jim [ [ s @@ =e >0

Then, as n — o0, GRG, (w) is sampling convergent to Wggg a.s. PGrG-

COROLLARY 1.8. If GRG, (w) satisfies Assumption 1, then the limit of any a.s. Pgrg
convergent subsequence of GRG,, (w) is of the form WgRG’ for some constant C > 0.

COROLLARY 1.9. For a =0, GRG,(w) converges to W in the stretched cut metric
a.s. PGrg.

Bipartite configuration model. In this section, we describe the sampling limit of bipartite
configuration models. Let us introduce the model first. Consider two sets of vertices V| and
V, with associated degree sequences d = (d;j)icv;, j=1,2 such that };cy, dit = > ey, diz :=
£,/2. Equip the ith vertex in V; with d;; half-edges. A bipartite configuration model is gen-
erated by sequentially selecting unpaired half-edges one-by-one from V{, and pairing it with
a uniformly chosen unpaired half-edge from V,. Replacing the paired half-edges by edges,
one gets a bipartite random graph, which we denote by BipCM,, (d). The probability measure
Ppcwm is defined analogous to Pcy.

Given a degree sequence d, the following quantities determine the limit of BipCM,,(d):
For j =1, 2, define

00
Pni i = —— 84 , b =/ (x A 1) pg;(dx).
K P AE A

Throughout, we will assume that maxi<;<p, j=1,2d;; = o(£;). We do not try to relax this
restriction here.

Next, we introduce the limiting graphex for BipCM, (d). In this case, we consider the
feature space 2 =R, x {0, 1}. We equip {0, 1} with the counting measure, and the feature
space €2 naturally inherits the product measure on the two component spaces. For measures
pj on Ry satisfying [5~(x A 1)dp;(x) < oo, we define

Wacm ((j) , (y) ,k) _ {p(k; A ), e,
1 (&) 0, ¢l = oo,

wmpy ' (x), ¢=0

X P
won (1)) {alﬁz_l(x), TV oo

The extra coordinate {0, 1} in the feature space encodes the partition of a sampled vertex. Two
vertices in the same partition cannot share an edge, and thus the graphon is zero whenever
c1 = c2. Note that the graphex in (1.9) is closely related to the bipartite graph model in [19],
Section 3.4.

The following result derives necessary and sufficient conditions for the sampling conver-
gence of BipCM, (d) random graphs, and characterizes the limiting objects. We note that
while the proof of this result is related to that of Theorem 1.2 and the associated corollaries,
these results help provide further intuition into sampling convergence, and provide interesting
examples of possible limits that may be obtained under this notion of convergence.

THEOREM 1.10. The following are equivalent:

(i) BipCM,,(d) is sampling convergent a.s. Ppcm.
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(i1) For j =1,2, there exists bj and p; such that b,j — bj and p,; — p; vaguely.

If (ii) holds, then fooo(x A 1)p;j(dx) < b; and BipCM,, (d) is sampling convergent to the
multigraphex YWgcwm, almost surely Pgcm, withaj =b; — f(x A Dpj(dx).

We observe here that the bipartite structure allows for interesting sampling limits as de-
scribed below. A comparison between Theorem 1.2 and Theorem 1.10 shows that in the
nonbipartite model, Scy # 0 implies that both Wy # 0 and Iey # 0, while this is not nec-
essarily true in the bipartite case.

REMARK 9. In the special case pp =0, p1 # 0, a; =0 and a # 0, the corresponding
limit Wecm = (0, SseM, 0). This further illustrates that a configuration model type construc-
tion might also yield graphexes with pure star part.

REMARK 10. For degree sequences with p; =0, p2 # 0, a1, ax # 0, we have a sampling
limit with Wgcym = 0 while Sgem # 0 and Ipcm # 0. Finally, if a; =0, az # 0 and pg, p2 #
0, the limiting graphex is of the form Wgcm = (Weem, SBem, 0).

1.5. Discussion.

Background. Diaconis and Janson [23], and Austin [2] identified a beautiful connection be-
tween the theory of graph limits, and convergence of exchangeable random arrays. For dense
graphs, the notion of Left convergence is characterized by the convergence of all subgraph
densities. Equivalently, one may permute the vertex labels of a graph G, uniformly at ran-
dom, and study the properties of the resulting permuted adjacency matrix. In the limit, these
permuted matrices converge weakly to infinite exchangeable random arrays, and their laws
are characterized by the celebrated Aldous—Hoover theorem [1, 26]. Further, the limiting law
of the array has a one-to-one correspondence with the limiting graphon for the dense graph
sequence. However, in contrast, for sparse graph sequences, these matrices converge to the
zero array, and this framework fails to provide nontrivial information about the graph se-
quence. Identifying the exchangeable structures that characterize the limits for sparse graphs
remained an open question for a decade.

Caron and Fox [19] introduced a family of random graph models based on a completely
random measure, and introduced a notion of exchangeability for dynamically growing ran-
dom graphs, via the exchangeability of their adjacency measure on R%r. Extending this idea,
and using the Kallenberg representation theorem [30, 31] for exchangeable point processes
on Ri as a conceptual cornerstone, [42, 43] (see also [28] for a review and some extensions
of the results of [43]) introduced a very general class of exchangeable random graph models.
They further examine structural properties of these graphs, and address questions related to
statistical inference under these generative models. In parallel, [10] generalizes graph limit
theory by introducing the notion of convergence in stretched cut metric for a sequence of
sparse graphs. Finally, [12] formalized the relation between convergence of sparse graphs,
and the convergence of corresponding limiting adjacency measure by introducing the notion
of sampling convergence, a generalization of Left convergence for sparse graph sequences,
and established that the limiting adjacency measure correspond exactly to graphex processes
in [42, 43]. Further, they establish that under the assumption of uniform tail regularity sam-
pling convergence is equivalent to convergence under the stretched cut metric from [10].

In this paper, we utilize these recent advances to study structural properties of random
graphs, while simultaneously establishing the usefulness of this nascent theory.
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REMARK 11. In arecent paper, Borgs et al. [11] proposed and studied the weak kernel
metric on graphexes. This metric generalizes the cut metric for graphons and metrizes sam-
pling convergence without additional regularity conditions. Further, two graphexes at zero
distance in this metric lead to identically distributed graphex processes, and graphexes are
equivalent in this sense if and only if they can be related by measure preserving transforma-
tions. It would be interesting to provide an analogous metric for multigraphexes, but this is
beyond the scope of this paper, and also somewhat orthogonal to our purpose here.

Insights on the graph structure. Recall the definition of a multigraphex (Definition 4). We
take this opportunity to provide further intuition for the components of a multigraphex, and
what they imply for the multigraph sequence converging to this multigraphex. A sequence
(Gp)n>1 of multigraphs with m, = e(G,) = o(nz), is composed of three main parts:

(1) A dense core where the vertices have degree ©(,/m,,). If the dense part contributes a
positive proportion of edges (i.e., there are ® (,/m,;) many vertices of degree © (,/m,,)) then
this part gives rise to the graphon, and thus gives the leading contribution to the subgraph
densities for subgraphs that are more complex than isolated edges or stars.

(2) A sparse part where the vertices have degree o(,/m,). For the purpose of this dis-
cussion, assume that the edges out of these vertices are simple. Then the probability that
after sampling, the degree of fixed vertex i is two or larger can be upper bounded by p3di2,
where d; is the degree of the vertex i before sampling; as a consequence, the expected num-
ber of low degree vertices which after sampling have degree at least two is bounded by
> p3dl-2 =o(/my) Y ; pid; = O(M)p3mn = 0(1). This shows that after sampling the low
degree vertices will either have degree one or become isolated. Therefore, edges within the
sparse part will appear as isolated edges in Smpl(G,,, t/~/2m, ), contributing to the isolated
edge constant /.

(3) Connections between dense and sparse part. Since the surviving vertices in the sparse
part have degree one after sampling, these edges contribute to the edge and star densities and
thus they appear as stars or isolated edges in Smpl(G,,, t/~/2m,).

Note that the vertices of degree €2 (,/m,) do not contribute anything to the graphex limit due
to the fact that the probability of such a vertex being observed in the sampling is o(1). (Note
that in general, when the edges out of the low degree vertices have nontrivial multiplicities,
we could also get isolated multiedges as well as stars with edges that have multiplicity bigger
than one).

A visualization of Smpl(G,, t/+/2m,) is given by Figure 1. The asymptotic structure of
Smpl(G,,, t/+/2m,) constitutes a network between the dense part described by W, stars cen-
tered at the high degree vertices described by S representing the edges between the dense and
sparse parts, and isolated edges described by [ arising from the sparse part.

Heuristic derivation of sampling limit for the configuration model. We start by noting that
p-sampling with p =¢/./2e(G) is asymptotically equivalent to what one might want to call
Poisson sampling, defined by first choosing k according to a Poisson random variable with
expectation 1|V (G)|/+/2¢(G), and then choosing k vertices from V (G), uniformly at random
with replacement, which in turn is equivalent to considering a Poisson process of rate p =
t/+/2¢(G) on V(G). In the simple graph setting, this follows from Lemma 5.4 in [12], but an
inspection of the proof shows that the lemma holds in the multigraph setting considered here
as well. We also note that for the configuration model, 2¢(G,) = £,(1+0(1)); see Lemma 2.1
below for the precise statement. Finally, we couple the Poisson process on V (G) to a Poisson
process as the one in Remark 2, that is, a Poisson process (x;) of rate r on R by assigning
adjacent intervals of width 1/4/¢, to each vertex. The degree of the vertex v corresponding
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. High degree vertices . Low degree vertices

FIG. 1. Typical structure of Smpl(CMy, (d), t//21).

to x; can then easily be seen to be equal to d, = p,,; '(x;)+/€y. Note also that On ")/, =0
if x; does not correspond to any vertex v € [n], that is, if x; ¢ [0, n/+/€,].

Linking back to the above insights on the graph structure of the sampled graph, we next
note that [ xp,(dx) = é >";di =1 and that

/x,o(dx) < liminf/x,on(dx) =1
n—oo

by Fatou’s lemma. We therefore interpret [ xp(dx) as the limiting fraction of (half)-edges
whose endpoints have degrees of order ®(+/¢,). Edges between vertices in this part there-
fore contributed to the graphon part of the limiting graphex. To “derive” the concrete form of
this liming graphon, we need one more fact, established in Proposition 2.2 below. It states
that in the configuration model CM,,(d), the number of edges created between two dis-
joint sets of half-edges S and S’ of size O(+/€,) is approximately distributed according to
Poisson(|S||S’|/£,), and the number of edges connecting such a set S to itself is approxi-
mately distributed according to Poisson(|S|?/2¢,). Applied two Poisson points Xj,Xj such
that the degrees of the corresponding vertices v, v’ are of order /¢,, we then expect to see
Poisson(d,dy /4,) = Poisson(,é;1 (xi)ﬁ,jl (xj)) many edges between i and j, and a loop of
multiplicity Poisson(dg /2¢,) = Poisson((p, L(x))?) at the vertex i, explaining the form of
the limiting graphon.

Next, observing that 57 p(dx) < - and [5; p,(dx) < 47 by Markov’s inequality, we see
that the high degree vertices don’t contribute to b, or b, showing that ¢ = lim,, o b, — b
is the liming fraction of half-edges belonging to low degree vertices. Considering the set of
half-edges Sy, attached to some low degree vertex, let S{ be the set of half-edges surviving
after sampling. Then S§; contains approximately af,, many half-edges, showing that |S£|
is approximately equal to paf, = ta/¢,. The number of full edges formed between these
is then approximately equal to Poisson((ta+/?,)>/2¢,) = Poisson((ta)?/2), motivating the
appearance of the term a2/2 in (1.3).

Finally, to derive the form of the star intensity S in (1.3), we consider the edges be-
tween the high and low degree vertices. A vertex v corresponding to a Poisson point x; such
that dy, = p,; Y(xi)/E, is of order \/7,, then approximately has degree Poisson(dv|S£7 |/€,) =~
Poisson(rap,’ (x;)) into S f, explaining the appearance of the term S in (1.3).

To relate the results for the configuration model to those of the erased configuration model
we use that a Poisson random variable with rate w is nonzero with probability 1 — e™". This
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in turn implies that asymptotically, the number of nonloop edges in the erased configuration
model is by a factor ¢ smaller than the number of nonloop edges in the original configura-
tion model, with ¢ given by (1.6). Since sampling convergence of a sequence G, involves a
random coin flip with probabilities p = 1/+/2e(G ), we have to rescale time by a factor /c
when translating our results for the configuration model to that of the erased configuration
model. This leads to the graphex Vg, in Corollary 1.3.

The limit for the bipartite configuration model can be motivated using analogous heuris-
tics.

Heuristic derivation of sampling limit for the preferential attachment model. It turns out
that the preferential attachment model behaves very much like a configuration model with
degree sequence equal to the expected degrees at time m,,, (d;) ie[n]- The proof details are
different, with Proposition 2.2 replaced by Proposition 3.2 below as well as other differences
in the details, but the essence will again be that we control the dependence of the number of
edges between different sets of vertices and approximate them by suitable Poisson random
variable, eventually giving the same limiting graphex as the configuration model with degree
sequence (d;) icn]; see also Remark 12 in Section 3 below.

Heuristic derivation of the sampling limit for the generalized random graph. It will be
convenient to sample vertices with probability p’ = t/+/L,, rather than with probability
p = 1//2m;, where m, is the number of nonloop edges in GRG, (w). It turns out that,
asymptotically, this just corresponds to rescaling of time by a factor /c, a fact which follows
from the observation that

1 1 wiw; © [0 xy
—E[2m,]=— —,:/ / dx)p,(dy) =c + o(1
L, [2m,] L, ;Ln‘f‘wiwj 0 0 1+xy;0n( )pn( )7) (1)

(plus a concentration argument). This explains the rescaling by v/c in Wgg. but obviously,
not yet the particular form of the limiting graphex.

To derive the latter, we proceed very similar to our heuristic derivation for the configu-
ration model, except that we now consider a core of vertices defined by the weights of the
vertices. Specifically, we consider a core of vertices with weights w; = ©(4/L,) and a set
of low-weight vertices with weights w; = o(+/L,,). It is then again not hard to argue that the
low weight vertices will have degree at most 1 after sampling, and it is also clear that asymp-
totically, the sum of the weights of all low weight vertices is aL,, with a as in Assumption 1.

Furthermore, following the steps in our heuristic derivation of the limiting graphex for the
configuration model, replacing the Poisson number of edges Poisson(d,d, /¢,) between two
vertices of degree d;,d; by Bern(p;;) (with p;; given in (1.7)), the reader can now easily
“derive” the form of the limiting graphon for GRG,, (w). To obtain the other two parts of the
limiting graphex, we approximate the probability (1.7) for an edge between two low weight
vertices (or a low and high weight vertex) by w;w /L, and approximate the sum of indepen-
dent Bernoulli random variables by a Poisson random variable; using these approximations,
the “derivation” of the limiting graphex is now very similar to that for the limiting graphex
for the configuration model.

Relation to Caron—Fox graph process. Corollary 1.4 establishes that the sampling limit of
certain ECM,,(d) random graphs is given by the random graph model introduced by Caron
and Fox [19] (see [19], Section 3). Thus our result gives a new perspective on the Caron—Fox
random graph. Indeed, certain Caron—Fox graphs may be looked upon as sampling limits
of suitable ECM,,(d) random graphs. [12] characterizes graphex processes as the limits of
sampling convergent graph sequences, and thus conceptually clarifies the innate importance
of these processes. Our result has a similar conceptual interpretation, in that it identifies a
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prominent graphex process, that is, the Caron—Fox process, as the sampling limit of a natural
sequence of random graphs. Put differently, rather than obtaining the model by first postulat-
ing exchangeability of a rather abstract random measure on R , then invoking Kallenberg’s
representation theorem and finally making further simplifications to arrive at the final model,
our results derive the Caron—Fox graph as a subsample of an underlying latent configuration
model. In turn, this further reinforces the importance of the Caron—-Fox model, and provides
some practical insights into its suitability as a model in real applications.

Outline. The rest of the paper is structured as follows. We prove Theorem 1.2 and the as-
sociated corollaries in Section 2, Theorem 1.6 in Section 3, Theorem 1.7 in Section 4, and
Theorem 1.10 in Section 5. For completeness, we collect some properties of completely ran-
dom measures in Appendix B. In Appendix C, we compute some functionals of specific ran-
dom adjacency measures arising in the proofs of Theorems 1.2 and 1.7, respectively. Finally,
Appendix D establishes some facts about random adjacency measures under rescaling.

2. Proof for configuration model results. Our proofs rely on one lemma and three
propositions. For any (multi)graph G, let e(G) denote the number of nonloop edges in G.

LEMMA 2.1 (Nonloop edges in CM,,(d)). Asn — oo,
ther, as n — 00, forall ¢ > 0,

%:M)) — 1/2 a.s. Pcy. Fur-

2E[e(ECM,, (d 00 (oo B
2.1) Le€ T @)] —/ fo e ) pn(dx) pu(dy) — 0,
(2.2) Prcm (|e(ECM, (d)) — E[e(ECM,, (d))]| > ££,) < 2exp(—Coet,)

for some universal constant Cy > 0.

PROPOSITION 2.2. Let £,(S, S") denote the number of edges created between the set
of half-edges S and S’ in the construction of CM,,(d). Consider k disjoint subsets of half-
edges (S;j) jefk) such that |Sj| =s; = O(/ty) forall j € [k]. Let £, = (£,(S;, Sil<i<j<k
E = (&ij)1<i<j<k» where E is an independent collection and &;;j ~ Poisson(s;s;/L,) for
i # j, & ~ Poisson(s?/2¢y). Then, as n — oo,

where drvy (-, -) denotes the total variation distance. Moreover, if S;’s are random disjoint
subsets chosen independently of CM,, (d) and satisfying E[s;j] = O (W) forall j € [k], then
limy,— 0o drv (€, £) = 0, where both €, and € refer to the joint distribution, including in
particular the randomness stemming from the random sets S;’s.

To state the next proposition, we recall the definition of Y, (¢) from Theorem 1.2. For
A e B(Ry),let V,(A) be the set of vertices obtained by labeling the vertices in [n] uniformly
from [0, v/¢,,] and then retalmng the vertices with labels in A. This induces a random measure
S, on Ry via Sy(A) = leevn(A)d that is related to Y, (¢) via Y, () = S,([0, 1]). As
we will see, the next proposition immediately implies that distributional convergence of the
measure i, defined in Theorem 1.2 is equivalent to the convergence of the finite-dimensional
distributions of (Y, (¢));>0.

PROPOSITION 2.3. For any disjoint collection of sets (Aj) je[k) from BR,), and o =
(@) jeqt) € RX, define @, (A, ..., Ay) :=E[e!Zicw %5 A frmax; §; = 0(¢,), then

®u(Ar a0 =exp( ¥ A@) [(©7 = Dou(d0 +o(1)).

Jelk]
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PROPOSITION 2.4. Let &, denote the point process Lblm(CMn (d)) on R%r. For any
A,Be BRy),l e N*and § > 0,
P(|P(6,(A x B) =1|CM, (d)) — P(§,(A x B) =1)| > §)
(23) 526}7
< 2€xp<— )
(12A(A)A(B))?

Consequently, Pcy a.s., dp (L(£,1CM,(d)), L(&,)) — 0 as n — o0, where di (-, -) denotes
the Lévy—Prohorov metric on P(M (]R?'_)).

We first establish Theorem 1.2 and its corollaries given Lemma 2.1, Propositions 2.2, 2.3
and 2.4, and defer the proofs of the lemma and propositions to the end of the section.

Proofs of Theorem 1.2, Corollaries 1.3, 1.4 and 1.5.

PROOF OF THEOREM 1.2. (ii) < (iii). If {(v;, 6;)};>1 is a unit rate Poisson point process
on Ri, then {(p, ! (vi), 6;)}i>1 1s a Poisson process with intensity measure p, X A, show-
ing that u,, ~ CRM(O0, p, x A). Let X,,(t) = u, ([0, t]). Then (X, (¢));>0 is a Lévy process
(see Appendix B for the definition and some important properties of Lévy processes) with
characteristic function

Bl 0] = Bl 0] = exp(1 [ (€ ~ 1)o@
2.4)

:wdxwm+¢/@“—1—qunmAmO)

where the third step follows using Lemma B.1. Using the standard terminology for the the-
ory of Lévy processes (see Appendix B) (X, (¢));>0 is a Lévy process with characteristics
(bn, 0, py). By [22], Lemma 11.1.XI, statement (ii) is equivalent to assuming that (X, (¢));>0
converges as a stochastic process in D(R4, R ). Therefore, [27], Chapter VII, Corollary 3.6
(restated as Lemma B.2 in Appendix B for the special case of Lévy processes) implies that (ii)
is equivalent to the following two conditions: b, — b and [ f dp, — [ f dp for all bounded
continuous functions f : Ry — R vanishing near zero, which by Lemma B.3 is equivalent to
(iii). Note that Lemma B.3 also proves Remark 4.

(i) < (iv). By Proposition 2.3 and (2.4), convergence of the finite dimensional distributions
of (¥, (¢))s>0 is equivalent to convergence of the characteristic functions of X,,(¢) for all 7.
Since X, (¢) is a Lévy process, this in turn is equivalent to the convergence of this process in
law, which is equivalent to (ii).

All that remains to show is therefore tightness of (¥, (¢));>0 in D(R4, Ry). To this end,
we note that for ¢ > u > s,

1
E[(Yn(t) = Yu (@) (Yn(u) = Yu(s))] = ) Zdidj(f —u)(u —s)
(2.5) it
1
< u=97
Tightness of (¥}, (¢));>0 follows using [27], Chapter VI, Theorem 4.1.

(i) & (iv). By Proposition 1.1, statement (i) is equivalent to Pcy almost sure convergence of
(Lbl(CM,,(d)))n>1 in distribution. To compare this to Pcy almost sure convergence of &, in
distribution, we will use the fact that by Lemma 2.1, 2¢(CM,,(d)) /£, — 1 Pcym almost surely.
This in turn implies that Pcy almost sure convergence of (Lbl(CM,,(d))),>1 in distribution
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is equivalent to Pcy almost sure convergence of &, in distribution (the formal argument
requires a technical lemma, Lemma D.1 from Appendix D). Combining these facts with
Proposition 2.4 and the fact that ¢, = Q2(logn) we concluded that (i) is equivalent to the
statement that £(&, (A; x Aj))1<i<j<k converges for any k > 1 and disjoint sets A; € B(R),
i=1,...,k

Given a collection of labels (U;) j=1,....,» chosen i.i.d. uniformly at random in [0, 4/¢, ], let
Vi(A;) be the set of vertices with label in A;, and let §; be the set of half-edges whose
endpoint is in V,(A). As before, let S§,(A) = =3 jev,(a)d;. Then |Si| = Sy(A)/Tn

and E[|S;|] = A(A;)v/Z,, so by Proposition 2.2 convergence of L£(&,(A; x Aj))1<i<j<k 18
equivalent to distributional convergence of {Poisson(S,(A;)S,(A;))}i, je[k), Which in turn is
equivalent to distributional convergence of {S (AD)S, (Aj)}i jerk)- The latter clearly implies
convergence of the random vector {(S,(AD)? }ielk), and since S, (A;) > 0, this in turn im-
plies convergence of {S,(A; )}icik)- Conversely, the latter clearly implies convergence of
{Sn (A) S, (A j)}i,jerk]> so we have shown that (i) is equivalent to convergence of the finite
dimensional distributions of (Y, (¢));>0. To show that this is equivalent to (iv), we use the
tightness condition (2.5).

Finally, to obtain the required descriptions for the limiting objects, note that (ii) im-
plies £L(u,) converges weakly. Since w, is completely random, it follows that there exists
a completely random measure p such that £(u,) — L£(u) in P(N (R4)). Thus, p admits
a representation (1.1). Moreover, the convergence of the characteristics of the Lévy process
(Xn(1))>0 yields that a = lim,—, o [ (x A1) pp(dx) — [ (x A1) p(dx). Finally, Proposition 2.3,
(2.4) and convergence of the Lévy process (X, (¢)):>0 to a Lévy process with characteristics
(a, 0, p) gives that

®,(Ay, ..., Ay) — exp( > A(Aj)(a + /(ei%'x - l)p(dx))),

Jelk]

for any disjoint collection of sets (A;) ek from Z(R). This shows that S converges
to the completely random measure p, and that (¥, (f));>0 converges to the Lévy process
(u([0, t]));=0. Using the convergence of S, to u and following the argument from the
proof of (i) < (iv) we then get that in distribution, (§,(A; X Aj))1<i<j<k converges to
{Poisson(u(A;) (A ;j))}i, jerk- As established in Lemma C.1, this is equal in distribution to
(Ewem (Ai X Aj))1<i<j<k, as required. [

PROOF OF COROLLARY 1.3. To establish this corollary, we first note that
o0 o0 )
0= [ [T0=ep@ap @ <1,

using 1 — e™ < x for x > 0, and fooo xpn(dx) = 1. Thus this sequence is compact, and
equivalently, every sequence has a convergent subsequence. Let us assume

00 oo L
/0 /(; (l ¢ )Pn(dx)pn(dy)—>6>0,

along a subsequence. The proof of Theorem 1.2 implies that Lbl m(ECMn (d)) converges

weakly to the random adjacency measure corresponding to the graphex WéCM. The proof is
now complete, once we use Lemma 2.1 and Lemma D.1. [

Next, we prove Corollary 1.4. It is easy to see that in this specific case, the result follows
almost directly from [10], Remark 14. Below, we provide a more detailed proof from first
principles. We feel that this proof is more intuitive, and also more generally applicable, as
evidenced by its easy adaptation to establish Corollary 1.9 in Section 4.
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PROOF OF COROLLARY 1.4. By Theorem 1.2, Icy = 0 if and only if a = 0, which by
Remark 4 is equivalent to

&
(2.6) lim limsup | xp,(dx) =0,
0

e—=>0 n—o00

which by Definition 9 is equivalent to uniform tail regularity of CM,,(d).

We now establish that (2.6) implies that the sequence ECM,,(d) is uniform tail regular
Pecem a.s. To this end, set Voo = {i : di > e/ly}, Ve = V<, and denote by £(V-;) the
number of edges in CM,,(d) with both end points in V- .. We have, by direct computation,

1 € 2 1
E[E(V-e)] = 5(1 +o(1))z,,(1 —/0 x,on(dx)) :E”(E —Err(e,n)),

where Err(e, n) is an error term such that lim,_,¢limsup,,_, ., Err(¢, n) = 0. By Lemma 2.5
below, there exist a constant Co > 0 such that for all §,, > 0,

P(IE(Vae) = E[E(V=p)]| = 8bn) < 2exp(—Coln8?2).

Since ¢,, = w(logn), we can choose §, in such a way that this bound is summable and 4, =
o(1). Thus Pcy a.s.,

2.7) e(CM,,(d)) — E(V=,) < Err(e, n)ly, + o(Ly).

Let Eecm(e) denote the number of edges in ECM,, (d) with at least one end point in V.
Since this is bounded by the number of edges in CM,,(d) with at least one end point in V<.,
(2.7) implies that Pgcm a.s., Egcm(e) < £, Err(e, n) + o(£,). Now, recall the definitions of
stretched canonical graphon [10], Section 2.3, and uniformly tail regular graphs [10], Defini-
tion 13. Let W,, denote the stretched canonical graphon for ECM,, (d). Set ¢ > 0, and consider
U, to be the set corresponding to the vertices in V- .. With this choice of U,,

(2.8) |W, — W, 1{U,, x Uy,}|,; <Err(e, n) + o(1),

where || - ||; denotes the L; norm. Note here that for constructing the stretched canonical
graphon, the space is scaled with «/e(ECM,,(d)), rather than /Z,, but that does not change
the order in (2.8) due to Lemma 2.1. To derive the required claim, it suffices to show that the
Lebesgue measure of the set corresponding to the vertices in U, is uniformly bounded in 7.
Upon direct computation, we note that this measure is exactly p, ((¢, 00)) < 1 fooo X0, (dx) =

%. This establishes that ECM,, (d) is uniformly tail regular a.s. Pgcy. Finally, note that con-
vergence in stretched cut metric follows immediately from [12], Theorem 5.5. [J

PROOF OF COROLLARY 1.5. The corollary is an immediate consequence of Theo-
rem 1.2. O

Proofs of Propositions 2.3 and 2.4 and Lemma 2.1.

PROOF OF PROPOSITION 2.3. Let /; denote the label for vertex i that is uniformly dis-
tributed over the interval [0, /£, ], independently over i € [n]. Note that

id; <~ UL EA;
D(AL,..., A = [ Efeve Zreteitlicdily

i€[n]

_1‘[( JE_ZA(A)+\/£_

i€[n] JElk]

idja

> AA )eM>

Jelk]




GRAPHEX LIMITS OF RANDOM GRAPHS 2849

1dot

=1 exp( > AU —1)+ O(d,-z/@%))
ie[n] \/E_je[k]
_exp(z A(A;j )/ 10!] pn(dx)—i—o(l))
JElk]

where in the last step we used that ) ; d,-2 <max;d; ) ;d; = 0(6%). This completes the proof.
O

In the next two proofs, we will use the following simple switching lemma.

LEMMA 2.5 (Switching lemma). Let P be a perfect matching of the half-edges, and
P’ be another perfect matching which can be obtained from P by one switch. Let X be a
function on perfect matchings satisfying the Lipchitz condition |X (P) — X (P')| < c. Then,
forany e >0,

)

P(|X — E[X]| > &) <2e @,

PROOF. This follows using identical arguments as [44], Theorem 2.19. Note that [44],
Theorem 2.19, was only stated for random regular graphs, but the same argument works for
the general configuration model as well. [

PROOF OF PROPOSITION 2.4. Recall that an instance of CM,,(d) is generated by choos-
ing a uniformly random matching P of the £, half-edges corresponding to d. Denoting the
multi-graph corresponding to a matching P by G, = G,(P), we apply Lemma 2.5 with
X, (P) =P(¢g,(P =1|G,). Consider two matchings P and P’ that differ by at most one
switch, and label the half-edges involved in this switch by 1,...,4 in such a way that in
P, 13 and 24 are matched, and in P’, 14 and 23 are matched. Then &g, (A x B) remains
unchanged between P and P’ unless at least one of the half-edges 1, ...,4 has a label in
A, and a second, different one, has a label in B. A union bound then easily shows that
| X, (P) — X,,(P)| < 12A(A)A(B)/{,. This proves (2.3).

The proof of the final statement follows by observing that M(R ), equipped with vague
topology is a Polish space, and that weak convergence on such spaces is determined by count-
able classes of sets. [

PROOF OF LEMMA 2.1. The expected number of loops in CM,,(d) is given by
1
—E[ Z Z 1{jth half-edge of the ith vertex creates a loop}}

i€[n] jeldi]
2.9)

’ <maxd =o(/
-1~ Z i€[n] ( )
ze[n]je[d] i€ln ]

This immediately proves that E[e(CM,,(d))]/¢, — 1/2 as n — oo. To prove almost sure
convergence, we use Lemma 2.5. Note that if P and P’ are two perfect matchings differing
by at most one switch, e(CM,, (d)) /¢, might change by at most 2/¢,,. This gives the required
concentration.

Next, we compute the expected number of edges in ECM,,(d). To this end, we compute
first the expected number of multiple edges. Let X;; denote the number of edges between i
and j. Thus the total number of multiple edges is given by

(2.10) > (Xij — D1{X;; > 2}

i<j
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Now,
E[(X;; — D1{X;; > 2}] = E[X;; 1{X;; > 2}] - P(X;; > 2)
=E[X;;] — E[X;;1{X;; < 1}] - P(X;; > 2)
(2.11) =E[X;;] -PX;; = 1)
=E[X;;]—1+P(X;; =0)

d. 2 7. 2.
£y —1 E,%
where we have used that
di—1 2
d; dsd;
0<P(X;; =0) — 1— / >< i
=P =0) E)< €y —1—=2t) = (&, —2d;)?

see, for example, [25], (4.9), together with the fact that

d; d; didj + d3
==t () (o (5 )
< t—1—2) =P 7, U T 2

Therefore, (2.10) and (2.11) together with (2.9) imply that the expected number of edges
in ECM,,(d) is

L did; _didj 1 _didj
> —Z(% —l4e ) Folly) =53 (1—e" ) +o(tn)

icj\ tn oy
Eﬂ o0 o0 -
=2 /0 fo (1= ) o (@) P (dy) + 0(En).

where we have again used the fact that max; ¢, d; = o(£,). This proves (2.1).

To prove (2.2), we again use Lemma 2.5, noting that the number of edges in ECM,,(d)
becomes fixed once the uniform matching of half-edges has been fixed, and that a switch can
alter this function by at most a bounded constant. This completes the proof. [

2.1. Edge counts for configuration model. PROOF OF PROPOSITION 2.2. We prove
this for kK = 2 and the general case follows similarly. Thus, we need to show that
(s (5182 (5
dTV<£(€n(Sl, Sl), 5,,(51, Sz), 5,1(52, Sz)), POI(—I) ® POI( ) ® POI(—2>> — 0.
24, £, 24,
For simplicity, we write S = S1 U S, and s = | S| = 51 + 52. Let us enumerate the half-edges in
Sy arbitrarily by {1, ..., s} and the half-edges in S> by {s1 + 1, ..., s}. We first pair the half-
edges of S and then the remaining unpaired half-edges of S>. Consider sequential pairing of
the half-edges of S and atstep o, « =1, ..., s, we take the half-edge labeled « and if it is not
already paired to some previous half-edge, we pair it with another unpaired half-edge chosen
uniformly at random. Let /, denote the three-dimensional Bernoulli random vector where

(1,0,0) if @ € S7, half-edge « is not paired previously
and it is paired with another half-edge in Sy,
(0,1,0) if ¢ € S, half-edge « is not paired previously
(2.12) I, = and it is paired with another half-edge in S»,
(0,0,1) if @ € $7, half-edge « is not paired previously
and it is paired with another half-edge in S,
(0,0,0) otherwise.
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Note that Y 5 _; Iy = (E,(S1, S1), Ea(S1, $2), £a(S2, $2)). We first couple the I,s to indepen-
dent multlvarlate Bernoulli random variables, and then use Stein’s method to obtain multi-
variate Poisson approximation for (&, (S1, S1), £:(S1, $2), £,(S2, $2)).

Coupling. 'We approximate the collection (/y);,_; with a collection of independent random
variables (ia)izl' To this end, we describe an algorithm that sequentially pairs the half-
edges and keeps track of a special set of half-edges, called bad half-edges. Let B, denote the
set of bad half-edges at step «. Initially, all the half-edges are nonbad, that is, By = &. As
before, the half-edges of S; take labels in {1, ..., s;} and the half-edges of S, take labels in
{s1 +1,...,s}. At stage o, we pair the half-edge labeled o (call it ey) in S to a uniformly

chosen half edge from {ey, ..., e, }¢ (callit f,).If e € By_1, Wweset By = By_1.If e, € B,
and fy € B_ |, weset By = By_1 U{fy} and g4 = fy. Finally, if e, € B,_, and f, € Ba 1,
we choose g, uniformly at random from B;,_; N {ey, ..., ey}¢ independently and set B, =

By—1 U {gy}. Under this scheme, we define

(1,0,0) ifey €81, fo €51,
ia: (0,1,0) ifey €81, fu €852,
(0,0,1) ifey €87, fu €852,
(0,0,0) otherwise,
(2.13)
(1,0,0) ifeqeSINB,_;, 8« € S1,
I = (0,1,0) ifeqeSiNB,_;, 8« €S2,
“]0,0,1) ife,eSHnBS |, g4 €S2,
(0,0,0) otherwise.
Note that (IAQ,)fM:1 is an independent collection, and for ¢ =1, ..., s1, fa = (1,0,0) with

probability (s1 —«)/ (£, — @), I, = (0, 1, 0) with probability s2/(£,, — ), and zero otherwise.
Furthermore, fora =51 +1,...,s, fa = (0, 0, 1) with probability (s — (@ — s1))/ €y — @),
and zero otherwise. Moreover, the distribution of (/y);,_, is same as described in (2.12).

Next, we investigate the probability that the two random variables in (2.13) are unequal.
First, if ey, fo € B;_,, then fa = I,. Next, at stage o, ey € By—1 if it was already paired
previously to a nonbad half-edge. Now, there were at most s previous steps performed and at
each of those steps, the probability of pairing with the half-edge labeled « is at most 1/(£, —
s) so that P(ey, € By_ 1) <s/(£, —s). Moreover, conditional on the fact that e, € By_1,
] #* Iy 1fandonly1f1 #(0,0,0) andIP’(I #(0,0,0)|eq € By— 1)_IP’(I #(0,0,0)) <
s/, —s). Thus,

(2.14) P(eq € By and Iy # I) < 5%/ (y — 5)°.

On the other hand, if f, € By—1 and e, € B, (we call this event Fy), then the event f, € S¢
implies g € S. Therefore,

P(Fy and Iy # Iy) <P(Fy, fu € S) + P(Fy, fo € S, g0 € 5)
= () + (ID).

(2.15)

First, we obtain an upper bound on (II). Noting that P(Fy) < P(f, € By—1) <s/(£,, —s) and
P(gq € S|Fy) < s/, — s) due to the choice of g, it follows that

(2.16) D) < 5%/, — ).
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To derive an upper bound on (I), we use the fact that, conditioned on |[B,_1 N S| < E,l,/ 3, the

probability that f, € B,—1 NS is at most 6,1,/3/(6,, — ). Thus,
1/3

n

D =P(fa € Bai N8) < +P(1By_1 N S| > €1/3)

n—»>S
1/3

n
=

+P(E.(S, S) > £)/3),

n—S=s

where the last inequality follows using the fact that an element is added to By_; N S if and
only if either ey, fo € B,_; NS or ey, go € B,_; N S but fy € By—1, and in both cases
&n (S, S) increases by 1. Now, in the sequential pairing scheme for creating the configuration
model in (2.12), let %, denote the sigma-algebra with respect to which the pairing obtained
up to time « is measurable. Let X, = E[&,(S, S)|-%], so that Xy = &,(S, S) and Xo =
E[&,(S, S)]. Thus (X4);,_; is the Doob-martingale for &, (S, S) and | Xy — Xy—1| < 1. Using
Azuma-Hoeffding inequality [29], Theorem 2.25, and the fact that E[E,(S, S)] < 52 [y =
O (1), it follows that for all sufficiently large n

2/3

1
P(£,(S, S) > £}/3) < P(gn(s, S) —E[£:(S, $)] > 55}/3> <e i /H

and, therefore,

1/3 1/6
(217) (I) < 7 n + e_czn

n—>S

for some constant ¢ > 0.
Combining (2.15), (2.16) and (2.17), we get that for all sufficiently large n,

1/3 1/6 s
n —ct
+e " +——.
£y —s (L, — 5)2
With the help of (2.14) this implies that for all sufficiently large #n,
N N N
P(Z Io# ) Ia> <> PUo# L)
a=1 a=1

a=1

2
P(Fy and Iy # Iy) <

(2.18) s

3

K} sly _etl/o
< e ‘" =:Err;.
_(Zn—s)2+£n—s+s 1

Since s = O(/4,,), Err; — 0.

Multivariate Stein’s method. We will use the result for multivariate Poisson approximation
[4], Theorem 1. Let

51

S
~ S| —
M= Pl =(1,0,0) =3 7.

n—o

Cl=1 (,‘(=1

51

=3Pl =0,1,0)=>" —2—

a=1 a=1 g" -«
N R N S2 _ (a _ Sl)
hp=Y P(ly=(0.0.1))= Y 2
L, —a
a=1 a=s1+1

1
c(A) =c(A11, A2, A22) = 3 + max{0, log(2(A11 + 212 + A22))}.
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[4], Theorem 1, together with an easy calculation using the fact that A1 > s1(s; — 1)/2¢,,
A2 > s182/¢, and Ao > s2(sp — 1) /24, then yields

S
dry (Z Iy, Poi(A11) ® Poi(A12) ® P0i(K22))

a=1
1
(2.19) S T min{s3, c(1) (26,251 — 1) + £y52 + 26,252 — 1))}
n—>=S
< m min{s3, SC()\,)SEn} = Errz .
Combining (2.18) and (2.19) with the bound
N s2 N ‘)L S152 + ‘A s% { K 53 } B
- — — ——| <max — ¢ =: Er3,
TS 2= 270 | = 0 26,6, —s) 3

we obtain that

s S12 SZ

d 1, Poil — Poi Po

TV<Z_ « O‘(zzn)® O(zn )® (2@ >)
a=1

(2.20) -
<Err; +Emy+(1 — e 5 ™)

< Err; + Errp + Errs .

When S; and S, are fixed subsets with 51, 5o = O(4/€,), the proof of Proposition 2.2 now
follows from (2.20).

Let us now consider the case where §;’s are random sets. Observe that that for & suffi-
ciently small, Err; = o(1) if s < @,1,/ 2+€. If we condition on the sets () jex] and assume that
5 < Zl/ are , we can therefore couple £, and € in such a way that £, # £ with probability
o(l);ifs > £, 1/2+e , we couple them arbitrarily. Since P(s > EUHS) < 2_1/2 ‘Els] = o, %)
by Markov’s 1nequahty and our assumptions on the expectations of s; and sp, we see
that the resulting coupling is such that &£, = £ with probability 1 — o(1), showing that
lim,,— 0o dTv(E,, €) =0, as required.

The proof of Proposition 2.2 is now complete. [

3. Proof of results on preferential attachment model. In this section, we prove The-
orem 1.6. To avoid notational overhead, we recycle some notation and denote the ran-
dom point process Lbl m(PAn (k,my)) for the graph PA,(k,m,) by &,. For a subset
A e BR,), let V,(A) denote the set of vertices obtained by labeling the vertices uni-
formly from [0, /2m,] independently and retaining the vertices with labels in A. For any
V Clnl, let Sp(l; V) = ;cv(ki + di(l)). We will also define a random measure S’n,,c by

Snc(A) = L2125, (0, V, ().

The main 1ngred1ents of the proof can be decomposed into the following lemma and propo-
sitions; in all of them, we assume that min{¢, ., m,} = w(logn) and max; k; = 0({, ), stat-
ing any additional assumption explicitly.

LEMMA 3.1. Iflogm, =0l ), then e(PA,(k,m;,)) =m,(1 4+ 0(1)) a.s. PA,(k, my,).

PROPOSITION 3.2. Let (Vi)ic[k) be a disjoint collection of vertex subsets such that, for
alli € [k], $,(0, V;) = Oy« //mn), and for any € > 0,
> 8) =0.

V2 Sa(l, Vi
G.1) lim IP’(sup M Su(l, Vi) _
n—00 1<my, En,x +2I en,K
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Let €, := (E(Vi, Vi)i<i<j<k» € = (Eij)1<i<j<k, where E(V;, V}) denotes the number of
edges in PA,, (k, m,) with one end-point in V; and the other end-point in V;, and € is a col-
lection of independent random variables with &;; ~ Poisson(2m, S, (0, V;)S,(0, V;) /Z%, )
i # j, while & ~ Poisson(m, S,(0, V)2 /€2 ). Then

lim drv(€,,E) — 0.
n— oo

Further, suppose that V;’s are random subsets chosen independently of PA,, (k, my) such that
E[S,(0, Vi)l = Oy« //mn) and such for any ¢ > 0, (3.1) holds, where the probabilities
and expectations under consideration are to be taken over the joint distribution of V;’s and

d;()’s. Then lim,_, oo d7v(E,, E) = 0.

We will want to apply this proposition to random sets of the form V; = V,(A;), where
Aie BRL),i=1,...,k are pairwise disjoint. To do this, we use the following proposition,
and the fact that E[S,, (0, V,(Ai)] = AA) Ly« /V/1n = O Uy [ /Tn).

REMARK 12. Before stating the next proposition, let us apply the statements of the pre-
vious one to the sets V; = {i} to relate the proposition to the heuristic arguments given for
the preferential attachment model in the Introduction. Since our actual proof will not use
this argument, let us not worry about verifying the condition (3.1). Then the statement of the
proposition say that the number of edges between i and j is a Poisson random variable with
parameter 2m,, Kk /Z%’ = did j/2my,, and the number of loops at i is a Poisson random vari-
able with parameter c?iz /4m,,, showing at least heuristically that the preferential attachment
model behaves like a configuration model with degree sequence (c?i),-e[n].

PROPOSITION 3.3. Fix Ae Z(R,),and e >0.Ifm,, = o(ﬁﬁ,,(), then

: V2muSp(l, Vi(A))  ~/2my8,(0, Vi (A))
lim P{ sup — >e)=0.
n— 00 I1<m, En,/c + 21 En,x

Finally, we need the following analogue of Proposition 2.4.

PROPOSITION 3.4. Forany A, Be€ B(R;),leNand$ > 0,
P(|P(6,(A x B) =1|PA,(k, my)) — P(£,(A x B) =1)| > §)

<2 <_82$>
= COP\TRA A AB)2)

First, we complete the proof of Theorem 1.6, given Lemma 3.1, and Propositions 3.3, 3.2
and 3.4, and defer their proofs to the end of the section.

PROOF OF THEOREM 1.6. The equivalence of (ii), (iii) and (iv) can be read of Theo-
rem 1.2 applied to the sequence (c?,-)ie[n]. All we need to observe is that ), d; = 2m,, and that
our assumptions on max; k;, £, , and m,, imply that max; d; = 0(2my) and m,, = w(logn).

To show equivalence of (i) and (iv), we first note that the assumptions of Theorem 1.6 im-
plies those of Lemma 3.1 and Proposition 3.3. We then apply Proposition 3.2 to the sets
Va(A1), ..., Vu(Agp), where A; € B(R;), i =1,...,k, and rewrite the statement of the
proposition for this case in terms of the random variables S‘n,,((A,-), i=1,...,k. The proof
is then identical to the proof of the equivalence of (i) and (iv) in Theorem 1.2, once we re-
place Lemma 2.1 by Lemma 3.1, Proposition 2.4 by Proposition 3.4 and Proposition 2.2 by
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Proposition 3.2 and Proposition 3.3. The proof that the sampling limit is given by the graphex
Wewm is again the same, once we observe that Proposition 2.3 and (2.4) hold for S, «, on.«
and (Xn,/((t))tzo where Xn,/c(t) = MH,K([()’ t]) O

Next, we prove Propositions 3.3, Lemma 3.1, and Propositions 3.4 and 3.2, in that
order. We let (Jl)m” denote the canonical filtration associated with the graph process
(PA, (k, 1)) —» and let (F/ ) | be a filtration, where .%/ is the minimal sigma algebra con-
taining the information about V (A) and PA, (k,1). Note that .% is the sigma algebra con-
taining the information about V,,(A) only, while both PA,,(k, m,) and V,,(A) are measurable
with respect to the filtration .7, .

PROOF OF PROPOSITION 3.3. To avoid cumbersome notation, we write S,(/) for
Sn(l, Vo (A)) in this proof. Clearly, (S, (1))ie[0,m,) is @ Markov chain with S, (0) = > cy, (4) ki
and conditionally on .7/,

(Ln e + 20 — S (1))?

Uy e +21)? ’
28, (l)(ﬁnk+2l Sn(0))

(Un e +20) ’
Su()?
(En e +21)%

Sp (D) with probability

(3.2) Su(l+1)=1S8.(/)+1 with probability

S, (1) +2 with probability

Note that for any / > 0,
28, (1) Sp(l+1) Su(D)
B[S, + 1) — S,().F]] = =2 EL______ﬁyi:____’
[Sn+1) DIF] b+ 21 b +2(+1) Cose +21

/ 2my f’égl))m” is a martingale with respect to (ﬁ[ );":"0. Let QV denote the

quadratic vanatlon of this martingale. To compute QV, note that
E{(v?mnaxl+1>__vamn&mo)zkw]
Cpc+20+2 Coic +21 !

and, therefore, (%7

dm,,
<
T g +2D2 Uy + 21+ 2)?
(3.3) X ((ln e + 21)2E[(Sn (+1) =38, (l)) |7+ 452(6))
< (4*21)4(2(@" e F2D2E[(Sy (L + 1) — S, (D) .F]] + 452(0))

_16m,S,(D) | 16m,S3(0)
C nae 203 (e +2DF

We will need the following fact, whose proof is given immediately after completing the proof
of this proposition.

FacT 3.1. E[S,()] = O(MW) dE[Sn(l)2]=o(“"ﬁ_j”2).

Using Fact 3.1, (3.3) now shows that for all ¢ € [0, 1], we have

V2 Su( 1) S 2mnSa(l
E[QV(tm,)]= ¥ E[( M Sp (4 1) n O)

bre+21+2  lpe+2

d

S&nglﬂxw]+_M&mﬁ>:0<J—)_dD

S\ e +20°  (Cye +2D* n

I<tmy
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An application of Doob’s inequality [34], Chapter 1, Section 9, Theorem 1(3), now completes
the proof. [J

PROOF OF FACT 3.1.  Recall that (%7 2’"" S (l)) is a martingale with respect to (97 );":”1

w121
Thus,
Lpe +21 L +21
E(S, ()| =——"—E|[S,0)|= O(—)
5 Ol== SO N

For bound on the second moment, note that (3.2) implies

E[S:(I + 1)*] =E[(S, (l))2]<1 +

N 2 > 2E[S, ()]
(U +20)  (Cy e +20) Cnie+21

=E[(5,0)")(1+ @7121))2 " O(Jiln_n)’

which in turn shows that

E[(S,(0)*] _ E[S,(0)%] 1\ o 1
(Ui +20)? = e, * O(Jm_,) ,{; (e + 2k +1)2

_ E[S,(0)%] 1
=T a, +0(en,wm—n>

7 _ 2 _of e %) _ <€,%,K >
E[S,(0)*] = Var(S,(0)) + E[S,(0)] = O(\/m_nlnel%xl + o b 0 )’

(where the last step follows using our assumption that max;e(,) k; = 0(£, «)), the claim now
follows. [

Combined with the bound

PROOF OF LEMMA 3.1. Recall that, according to the definition preceding Lemma 3.1,
we have S, (/, {i}) := d;(I) + «;. Let L; denote the number of loops in PA,(k,[), and let

P — Z,e[n](sn(l {l}))

(Un 207 . Conditionally on .%;, we then have that

L;+1 with probability P,
Liy1= :
L; otherwise.

Setting L) = L; — Z k_ Py, we see that (L;);Z‘O is a Martingale with respect to the filtration
(F1)j2y, and that L) — P; < L), | < L + 1. The Azuma-Hoeffding inequality and the fact

I+1
that Lo = 0 then imphes that
ma—1 Azm
(3.4) IP’( = Y. P +Amn> =P(L, >imy)<e 2.
=0

Next, define Q; 1=} ;[ (Sn(l, {ihH)2. By a simple calculation using the analogue of (3.2)

for S, (I, {i}), we get that
z,,,(+2z+2>2
< _ 2,
_Q1< Y +

o 2
ElQr17] = Q’<1 e 120 T et 2@)2) i

which we rewrite as
2

E[P 1|7 < P+
[Pry1lZ1]l = Py Cre F2U+2)
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to conclude that P/ = P — Zi: 1 m is a supermartingale. Next, we note that upon the

addition of an edge at step [ + 1, either one of the terms in Q; change from (S, (/, {i))? to
S, {ih) + 2)2 or two of them change from (S, (/, {i}))2 to (S, (L, {i}) + 1)2. In either case,
the total change is at most 4(¢,,  + 2¢) + 4. A straightforward calculation using the fact that
Q1 < (£y.« +2£)? then shows that

4
- <
Lo +204+2 7
The Azuma-Hoeffding inequality combined with the facts that Py = Py then implies that

, 4
P <— .
Cp +20+2

/
Py

35 , 2l e 2t e
(3.5 P{3l <m,: P> Py+ 1) <mpe” 2 <e o
provided logm, = o(¢, ) and n large enough. Combining (3.4) and (3.5) then shows that

. . 2 2
with probability at least 1 — e=*7n/2 — ¢=2"tn.c/64 e have that

my—1 my—1
Ly, < Z P+ my, < Z P+ 5 Ay < my Py + o 72 L4 20my = (21 + o(1))my,
n,K n,K
where in the last step we used that Py = Zle[n] /c =0, ")£2 > iem1 ki = o(1). By our

assumption that min{m,, £, .} = w(log n) the the error probablhty is summable for all fixed
A > 0. Since A was arbitrary, this proves that L,,, /m, — 0 with probability 1. [J

PROOF OF PROPOSITION 3.4. Let X :=P(§,(A x B) =1[|PA,(k,my)) and let (¥; :=
E[X |%]);";0 denote the Doob martingale with respect to the filtration (9’1)71:”0. Therefore,
Yo = E[X], while ¥}, = X. Moreover, X can change by changing the status of the edge (i, j)
only if (i, j) € V,(A) x V,,(B) or (j,i) € V,(A) x V,(B). Thus, the martingale difference
|Y; — Y;_1] can be bounded as

v — v, | < 2AWDAB)

my

An application of the Azuma—Hoeffding inequality now completes the proof. [J

PROOF OF PROPOSITION 3.2.  We prove the proposition for k = 2, the general case fol-
lows similarly. For [ € [m,], we denote the added edge at time / by {v(/), v2(/)}, and let

(1,0,0) ifvi(),vr(l) e Vy,

0,0,1) ifvi(),va(l) € V3,

0,1,0) ifvi(l) € Vi, and vy(l) € V; or vice versa,
(0,0,0) otherwise.

I =

Note that (£(V1, V1), E(V1, Vo), E(Va, Vo)) = Zm" I;. To approximate this sum in total vari-
ation distance, we first couple the vectors [; to independent random vectors, and then we
couple the sum of independent indicators to independent Poisson random variables.

For the first step, we will use an explicit coupling. Let ((U1 (1), Ua(l )))7’:”1 be i.i.d. random
variables, with (U1(1), U2(1)) being uniformly distributed on the unit square [0, 1]. For
i =1, 2, we denote the events

Sull, V1) (S VD Sud V) S, Va)
,1(1>—{U<l>_ﬁ} G,2<1)—{m<u,<l)s o }
éil(l)Z{Ui(l)SM}, éiz(l)={w <Ui() < S, (0, V1)£+ S, (0, Vz)}‘
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We then generate the processes (S, (/, Vi))ﬁ’o, i=1,2, (11);2’0 and an independent collection
(IAZ);":”O jointly as follows:

Sn(l, Vi) +2 on Gy; (1) NG (D),
S +1, V) =18, Vi)+1 on (Gii()NGu(D))U (G NGu(D)),
S, Vi) otherwise,

(3.6) (1,0,0) on G11(1) N Gay (D),

(0,0,1) on G12(1) N Ga(D),

(0.1,0) on (G11() NGaa()) U (G12() N Gar (1)),
(0,0,0) otherwise.

Iy =

The definition of fl+1 is identical to (3.6) by replacing G;; by G j» 1, j =1,2.1tis easy to see
that the above give the processes (S, (I, Vi)~ i = 1,2, ()}, defined before and (fl)?;"o is
an independent collection. Next, fix & > 0 and let

2m, Sy, Vi) _ V2my 5,0, Vi)
o +20 nx

mp

58], A= UA[.
=1

A= {sup

<l

By the assumption (3.1), P(A°) = o(1) and

P(li41 # 1[4 1.F))

- 2[ Sa(l, V1) 8,0, VD) S, ViU V) 5,(0, ViU V)
L +2 Lnic Loy +21 Cn
S,(,ViUVy) 5,00, ViUV,

8 [ Cre + 21 lre ]

)

so that P(j41 # Il’Jrl |-#/)1 4, < Ce/m,, for some constant C > 0. Thus,

P@L: D1 # Di41)
=P@l: [i41 # D1, A +o(1) <P@AL: Dg # D1, A +o(1)

mp

<Y E[P(L41 # I} |F)14] +o(1) < Ce +o(1).
=1

Since & > 0 is arbitrary, lim,_ P@3! : Ij11 # f1+1) = 0. Now, we can use multivariate
Stein’s method to approximate 2721 I; in an identical manner as at the end of Section 2.1,
this time with

my R m
M= Bl = (1,0,0) = 55,0, V1),

a=1 n,K
mpy R 2m

hiz = P(le = (0,1,0) = 75,0, V)$, 0, V2),
a=1 n,k

my . my
rr =3 P(la = (0.0.1) = 55,0 V2)".

a=I n.K
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4. Proof of results on generalized random graph. We first establish that the number of
edges in GRG,, (w) is concentrated around a deterministic value. Recall that for any graph G,
we use e(G) to denote the number of nonloop edges in G, and that L, denotes the £; norm
of the weight vector, L, = ;[ Wi-

LEMMA 4.1. ForO<eg <1,

2
P(|e(GRG, (w)) — E[e(GRGy(w))]| > £Ly) < 26"?(_8 3L )

4.1
4.1 .

1 _ 00 00 xy
- Ele(GRG, ()] = 5 [N oy (@A) (D,

We denote the the random point process Lbl m(GRGn (w)) for the graph GRG,,(w) by
&,. Let & denote the random adjacency measure corresponding to the graphex WéRG.

PROPOSITION 4.2. Under Assumption 1, as n — oo,
P(&,(A) =0) — P(5(A) =0),
. . L. . 2
for any A that is a union of disjoint rectangles in R7..

PROPOSITION 4.3.  Suppose that Assumption 1 holds. For 0 <& <1 and A C %’(Ri)
that is a union of disjoint rectangles, there exists a constant C = C(e, A) > 0 such that

P(|P(£,(A) = 0|GRG, (w)) — P(£,(A) =0)| > &) <e €L,
We first prove Theorem 1.7, given these results.

PROOF OF THEOREM 1.7. Lemma 4.1 implies that for any §, — 0,

2
P(|e(GRG, (w)) — E[e(GRG, (w))]| > 8,Lx) < 2CXP<_(SH%)'

As L, = w(logn), we can choose §,, — 0 such that the above probabilities are summable. As
aresult, Lemma 4.1 implies Pgrg a.s.,

Lie(GRGn(w)) —~ LLE[e(GRGn(w))] — 0.

n

By Lemma D.1, it is therefore enough to show that
L(8,|GRG, (w)) — L(§), Pcrg as.

To this end, we use [33], Theorem A.1. To apply this theorem, we need to show that for every
union A is a union of disjoint rectangles in R2 , we have

(4.2) P(&,(A) = 0|GRG, (w)) — P(£(A) =0), Pggrg a.s..
(4.3) E[£,(A)|GRG, (w)] — E[£(A)], Pcgg as.

Propositions 4.2, and 4.3 together directly imply (4.2). We will verify (4.3) only for A =
[0, t)z, leaving the general case to the reader. Note that

12 12
E[£,(A)|IGRG, (w)] = (1 + 0(1))L—e(GRGn(w)) = 56 PGrg a.s.,

where the last step follows from Lemma 4.1. This concludes the proof. [
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PROOF OF COROLLARY 1.8. Consider a sampling convergent subsequence of GRG,, (w).
Observing that

0< /0 /0 1 +xym(dx)pn(dy)s(/0 xpn(dx)><f0 ypn(dy))—l-

We may therefore choose a further subsequence such that (1.8) holds for some ¢ > 0. By
Theorem 1.7, this subsequence is a.s. sampling convergent to W - Since a sequence cannot

converge to W(pg and WgRG for ¢ # ¢/, this completes the proof. [

PROOF OF COROLLARY 1.9. The proof is similar to that of Corollary 1.4 in Section 2.1,
and thus we only sketch the main ideas. First, by our assumption that a =0,

lim lim sup/ xpp(dx) =

e—>0 n—o>oo

As in the proof of Corollary 1.4, we set Vo, = {i : w; > €+/L,} and set Egrg(e) to denote
the number of edges with at least one end in V.. This implies

Elfara@]= Y o+ X Yo=Y ¥ e, / xpn (),

i,jeV<pii<j i€V j¢V<¢ ieV_, je[n]

where in the second to last step we used that p;; < w;w;/L,. Next, concentration for sum
of independent Bernoulli variables [29], (2.5) and (2.6), Theorem 2.8, and the fact that
E[&rg(e)] < L, immediately implies that as long as 0 < §, < 1,

L3}
P(l€ara(®) ~ ElEcra(@)]| > nln) = ZCXP(_ 2(E[Eara(e)] + Lnsn/3))
L2
<2e 3

Choosing §, = o(1) in such a way that the error bound is summable (which is possible by
our assumption that L, = w(logn)), we conclude that Pgrg a.s., Egrg(e) < L, Err(e, n) +
o(L,), where we recall the notation Err(e, n) from the proof of Corollary 1.4. The rest of the
proof follows exactly as Corollary 1.4, upon setting U, to be the set of vertices corresponding
to V<g. O

It remains to establish Propositions 4.2—4.3 and Lemma 4.1. We prove Lemma 4.1 first and
defer the proof of Proposition 4.2 to Section 4.1 and that of Proposition 4.3 to Section 4.2.

PROOF OF LEMMA 4.1. Note that
1 2

1 wiw; _ Wity 4
Ele(GRG,(w))]| = = T 2 Ltat

i€[n]
Since
2
w; w;
i < —L 1=0(/Ly),
ZL ._.Z Lﬂfz (VLn)
i:w; <L, irw;>~/L,
it follows that

L E[¢(GRG, )] = 5 / / aat @@ +o()

(4.1) follows by standard application of martmgale concentration inequalities for sums of
independent Bernoulli random variables such as [29], (2 5) and (2.6), Theorem 2.8, together
with the observation that E[e(GRG,(w))] < L, [ [ 1+xy on(dx)p,(dy) <L,. O
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4.1. Proof of Proposition 4.2. Fix any k > 1, let (B;);c[x) be a collection of disjoint
intervals, and let &,(B;, B;) denote the number of edges between vertices with labels in B;
and Bj, respectively. We will want to prove that

nli)rrolop(gn(B,‘ XBj):O,Vl <i ijk):P(S(Bi X Bj):O,Vl Sifjfk).

Let N = (wj, 6;);>1 denote the Poisson point process on ]R%L with intensity p(dw) ® d6.
Further let N;; = N([e, o0) x B;). Throughout the proof, Err(e, n) is a generic notation for
some function f (e, n) s.t. lim,_,olimsup,_, o, f (e, n) = 0. Similarly,

lim lim sup lim sup Err(e, K,n) =0
e—0 K—oco n—>

and

lim limsuplimsuplimsupErr(K, e, M, n) =0.
—X0 50 M—oo N0

Fix e >0andlet Vo, = {i € [n] : w; > e+/L,} and V<, = V... Recalling that we assigned a
random label in [0, /L, ] to each vertex in [n], let V,-_be the set of vertices with labels in B;.
Weset V> =V;NVop, VE=V;N Ve and T; = Y ey = Wu, where wy, = wy /+/Ly.

Also let 1;; :=1{i and j create an edge}. Thus, (Iij)llgi<j§n is an independent collection
of Bernoulli random variables with P(1;; = 1) = p;j = w;w; /(1 + w;w;). Defining

Fir;(g): 1_[ (l_luv) 1_[ (l_luv) l_[ (I_Iuv)

u<v > u<v
uceV; <
u,vev;y> I u,vevV-
veV;= t

= Fi(e, D) F]i(e,2) Fji (¢, 3),

l

4.4)
Fie) =[] A=6L) [T Q=Lw) [T A =Lo) [T Q= 1w)
uevy ueVys uev; uevVys
vevy vev; ver Uevjf

= Fi’J’.(s, l)F,-’J’- (e, 2)F}’i (&, 2)Fi’]’~(s, 3),
we note that
(4.5) P(&(Bi x Bj) =0,V1<i<j<k)=E| [] E’}(e)}
I<i<j<k

We first state a lemma which identifies a “good” event.
LEMMA 4.4. Define the events

Al :={|E —E[T;]| <" wise”an},

ueViS

A :={Z Wy sK}, Asi = {|Vi7| = M}.

ueV;

Then, for A= ;e (A1 N Az N Az;), P(A) =Err(K, e, M, n).

Let P (resp., Ejx)) denote the conditional probability measure (resp., expectation) con-
ditional on the choices of the random sets (V;");e[],r=>, <. The next lemma characterizes the

asymptotic behavior of F}, Fl’;
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LEMMA 4.5. Onthe set A, forall1 <i < j <k,
e EIL*/2 | Ere(en)  fori=j.
e LIRS o Brr(e,n)  fori # j,

*E[Ti]ZUev; Wy

(4.6) Ep[Ffj(e,3)] =

4.7 E[k][Fi’} (e,2)] =e (14 Err(K, &, n)).
Moreover, for all i € [k],

(4.8) dTv(£(| V>

), Poi(A(Bi)p([e, 00)))) = Err(e, M, n).

Next, we prove Proposition 4.2, deferring the proof of the lemmas to the later part of this
section.

PROOF OF PROPOSITION 4.2. To prove the proposition, we use the explicit expres-
sion for P(§(B; x Bj) =0,V1 <i < j <k) given in Lemma C.2, the expression (4.5) for
P& (B; x Bj) =0,V1 <i < j <k), and Lemmas 4.4 and 4.5. To avoid cumbersome no-
tation, we prove this result for k = 1, and By = [0, ¢]. The generalization to k > 1 and ar-
bitrary B;’s is identical except the notational overhead, and thus we will sketch the general
proof after proving the kK = 1 case. Let V; denote the set of vertices with labels in [0, ¢], and
V> =V;N V.. and Vf =V, N V<. Alsorecall that T} =}, VS wy. Define the quantities

Fi= [] a-5p., F:= [] a-1Ip,
i<ji,jevy ieVyz,jeVs

F3:= [ a-1Iy.

i<ji,jevs

4.9)

Thus, P(&, ([0, t]z) = 0) = E[F| F> F3]. Notice that Fy, F,, F3 < 1 almost surely, which we
will use throughout the proof.
Next, by Assumption 1,

t w; &
4.10 E[T\]=—7= Y —===1[ xpa(dx)=at + Err(e, n).
(4.10) VL, A VL, 0

Using Lemma 4.5, (4.6) and (4.7) together with (4.10) and Lemma 4.4,
E[F1F>,F3] =E[F1F2F31 4] + Err(K, &, M, n)

_ _a¥? —aty jcy> Wi 1
4.11) =e ? E|:e ! . 1_[ >1+—?I)iu_)j]1A + Ermr(K, e, M, n)
i<j.i,jeV;
212
=e T E[f(n. |V )] +E(K, &, M. n),

where we set

k .
fn, k) I=f el Tiy wi 1_[ 1 1—[ Pn(dw;)

[6,00)k l<ivjek LHwiw; iy pu(le, 00))

Indeed, if we take the expectation in the second line in (4.11) and condition on |V,”| =k,
the elements of V,” are a sequence of k numbers chosen without replacement from {i €
[n]: w; > €}. Onthe event A, where k < K, we can replace the without replacement sampling
by sampling with replacement at the cost of an error Err(K, n), at which point we get a k
independent samples from p,(dw) conditioned on w > ¢. This proves the last identity in
(4.11).
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Now, using the vague convergence of p,, from Assumption 1, we get that for any £ > 1 and
any € > 0 such that p has no atom at ¢,

. _ —ath-‘z w;
Jim fonky= [ e ]

[e,00)" l<i<j<k

1 & pw)

I =: f (k).

I+wiw; ;| p([e, 00))

Therefore, Lemma 4.5, (4.8) implies that, for continuity point ¢ > 0 of p, and any R > 1,

(4.12) lim Z|f P(|V,”| = k) = f ()P (Poi(tp([e, 00))) = k)| = 0.

Now, notice that max{ f (n, k), f(k)} <1. Thus,

Y E[fn, DIV =KIP(V, | =k) < D (|V28|> (jr)k

k>R k>R

< Z 0 (tp([e. oo)))

k>R

which goes to zero as R — oo. Thus (4.11), (4.12) and (4.13) together with Lemma C.2
imply that

4.13)

E[Fi F> F31 4] = P(£([0, £]*) = 0) + Err(K , &, M, n),

and the proof follows using Lemma 4.4.

Let us now sketch the proof for the general k case briefly. For simplicity, let us consider
B; =[ti_1,ti_1 + t;], where tp = 0 and 1; > O for i € [k]. Recall the notations in (4.4). From
the identity (4.5), we can use identical computations as in (4.11) that yields

P(&:(Bi x Bj) =0,V1 <i < j <k)

:E[ I

1<i<j<k

Fi’}(g)]lA:| +Err(K, e, M, n)

—e T Sy ,_a22i<jfiij[f~‘(n’(

> |)i_)] + Em(K, &, M, n),

where we set

f(n, (”i)i'czl) = f ko e Lizjli L wi 1_[ H

[S’OO)Zi:m I<i<j<k 1=<li<r; 1 + Wi Wi,
15125”_[
k 1
1 7 pa(dwip)

k
X _ _—

11:[1 lfl]ngri 1 + wlll wllz i=1l=1 pn([sv OO))

The rest of the proof is identical to the case k = 1. [

Finally, we prove Lemma 4.4 and Lemma 4.5. To avoid notational overhead, we again
prove these for the special case k = 1, and By = [0, t] and the generalization to k > 1 and
general B;’s follow using identical arguments. Recall the notations V;, V,”, V= defined above
(4.9), which will be used throughout the proof.

PROOF OF LEMMA 4.4. First, note that

(4.14) E[ > wzz] = Sx/L_nE[Z wi] =te »_ wi=teLy,

ieV> i€V ieln]
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where the first inequality follows using max; evs Wi < &+/ L. Further,

bl )= 3w
w; <te.
Ll’l EVL l
Thus, by Chebyshev’s inequality, together with (4.14) and Markov’s inequality yields
P(A{) = Err(e, n). Next, again by Markov’s inequality,
1

P(AS) < EE[Z } =—— Z wp = — _Err(l/K,n).

i€V, Ln ie[n]

Var(T)) = Z

ieV<

Finally, |V,”| ~ Bin(|V>¢|, t/+/Ly). Thus, another application of Markov’s inequality yields
t|V>s| t,On([S, 00))

P(AS) < = Err(e, M, n).
PROOF OF LEMMA 4.5. First, observe that, on the event A defined in Lemma 4.4,
1 T Y jey> Wi+0 (X icy> 11)22 _2)
FrlV.]= —e ieVy ieVy i ]EV—
[PaVil= H T o,
ieVy,jevys i

= ¢ I Rievs Wi (1 4 Bre(K, e, n)),

where we used that ¢y~ w < QLiey, Wi )? to obtain the final error bound, proving (4.7).
Next, let 2 =3, jevs Pij- Usmg standard bounds for coupling sums of independent

Bernoulli random variables to Poisson random variables [24], Theorem 2.10,

(Cieyzw))’

i<j.i,jeVs z<j,i,jeV[5

where the last inequality holds on A;. Moreover, on A1,

Cieyzw® TP _ ®ITD? | e (e
< T o 2 M (YD ET Je),

. Z <plj_ ZL% 2 ) + ) ( > + [1]) (\/g)
i<j,i,jeVy-

(Cey= wi)? (E[T1])?

S oz w? =+ 0

= 2L L;
i<j,i,jev- zeV,

and, therefore,

E[T1])?
i<ji,jeV®

Thus, on A,
dTV<L‘( > LV, > Poi((E[T1]) /2)) = Err(e, n),

i<ji,jev>
and (4.6) follows immediately.

Finally, we prove (4.8). Note that |V,”| ~ Bin(|V>¢|, t/+/Ly,). The proof follows from
standard inequalities for distance between Binomial and Poisson random variables [24],
Theorem 2.10, which implies that the left-hand side of (4.8) is bounded by |V-|t?/L, <
Mt?/L, =Err(M,n). Since |Vs¢|t/~/L, = tpa([e, 00)) = tp([e, o)) + Err(n), provided p
does not have an atom at ¢; since the limit ¢ — 0 can be taken through the continuity points,
the proof follows. [
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4.2. Concentration.

PROOF OF PROPOSITION 4.3.  We only give a proof for A = [0, ] x [0, 5] leaving the
general case to the reader. Let R = (}) and let (p;, j,)rc[r] denote a nonincreasing ordering
of the p;;’s. Let I, denote the indicator that an edge has been created between i, and j,;
thus I, ~ Ber(p;, j,), independently over r € [R]. To simplify notation, let X = P(§,(A) =
0|G,,). Further, forr =, ..., R,let %, = o (I; : i € [r]) (Where we used the notation [0] = &})
and define X, = E[X|.%,]. Thus, (X,)f:0 is a martingale with respect to the filtration (%, )
satisfying Xo = E[X] and Xg = X. We will apply a concentration inequality from [21],
Theorems 18, 22. Thus, if we can show that

(4.15) Var(X,|Z,_1) <of, X, — X, 1| <M,
then

82
4.16 P(|X —E[X]| >¢) <2ex <— >
(4.16) ( | > ) 25 F o2 e

Thus, we need to obtain the correct M and 0,2 such that (4.15) holds. Note that
E[X|.7 1] = DPi, jr (E[Xlﬂr—l’ I, =1]-E[X|Z7 1,1, = 0])
+E[X|(yr—lylr :O]a
E[ler] = Iirjr (E[ler—l» I, =1]— E[ler—l» I, = 0])
+E[X|yr71’ Ir = O]

4.17)

Moreover, X can change by changing the status of the edge (i, j-) only if both i,, j. €
Vs, U V4, and thus

(s +1)?
L,

(4.18) ’E[lerfl’ ],»:1]—]E[X|9r,1, Ir:OHE

Combining (4.17) and (4.18),

(s +1)2
(4.19) X, = Xt <1y — piyj |
Ly
Therefore,
2 (s + t)4 2 (s + )*
Var(Xr|<gr—l) = IE':[(Xr - Xr—l) |ﬁr—1] = TE[(L’ - Pirjr) ] = Tpirjr,
n n

where the second step follows from E[X,|.%#,_1] = X,_1 and the third step follows from
(4.19). Thus, we can apply (4.16) with 02 = (s +#)*p;j, /L2, and M = (s +1)?/L,. Now,
the proof of Proposition 4.3 follows by using the fact that };.; pij <> ;2; wiw;/Ly < Ly.

O

5. Proofs of results on bipartite configuration model. The proof of Theorem 1.10 is
very similar to that of Theorem 1.2 for the configuration model and again relies on three key
propositions, whose proofs are also similar to those of the corresponding key propositions
from the proof of Theorem 1.2. We will outline this proof strategy by stating the key propo-
sitions, but we will leave both the reduction of Theorem 1.10 to these propositions, and the
proofs of the propositions themselves to the reader.



2866 BORGS, CHAYES, DHARA AND SEN

PROPOSITION 5.1. Let £,(S, S’) denote the number of edges created between the set
of half-edges S and S’ in the construction of BipCM,, (d). Consider k disjoint subsets of
half-edges (S;)ie[k) such that |S;| = O(J4€y,) forall i € [k]. Let Sij=8iNV,ielkl, j=
1,2. Let £, = (£,(S;, SiN<i<j<k E = (gij)lfifjfke where 5,']' ~ Poisson((]S;1]|S;2] +
1Si2[1Sj11)/€n) for i # j, Eii ~ Poisson(]S;111Si21/£n), and € is an independent collection.
Then, as n — oo,

drv(€n, E) — 0.

Moreover, if S;’s are random disjoint subsets chosen independently of BipCM,,(d) and sat-
isfying E[|S;|] = O(V¥€,), then lim,_, oo dTv(E,, E) = 0, where both €, and E refer to the
Jjoint distribution, including in particular the randomness stemming from the random sets
S j ’s.

PROPOSITION 5.2.  Let V,,(A) denote the set of vertices obtained by labeling the vertices
uniformly from [O L] and then retaining the vertices with labels in A. For a vertex set V ,
define S, (V) = J— Y icv di. For any disjoint collection of sets (A;)icik) from BRy), let

Vij denote the set of vertices in V; with labels in A;, and a = (@;})ic[k], j=1,2 € R2k, Define
iy°2 T .,
D((Vijlielkl,j=1,2) = E[el Zi=1 Zfelkl‘)‘”s"(A”)]. Then

S((Vijiett.j— 12)—6Xp<(1+0(1) > Y A [ )pnj<dx>).

j=12ielk]

PROPOSITION 5.3. Forany A, Be€ B(Ry),l e N* and § > 0,
P(|P(6,(A x B) =1|BipCM,,(d)) — P(£§,(A x B) =1)| > )

<2exp|l ———5——— ).
12A(A)2A(B)?
APPENDIX A: SAMPLING CONVERGENCE FOR MULTIGRAPHS

In this section, we prove Proposition 1.1. The corresponding result for simple graphs was
established in [12]. The extension to multigraphs is relatively straightforward, and thus we
just sketch the proof.

PROOF OF PROPOSITION 1.1. Taking into account Remark 1, which implies that any
exchangeable adjacency measure can be represented by a possibly random multigraphex,
the proof of [12], Lemma 3.2, can be immediately adapted to the multigraph setting. The
only crucial point to note is that [12] use [43], Lemma 4.11, which, in turn, depends on the
discreteness of the space of finite graphs. In the case of multigraphs, that is again true because
the sampled graph almost surely take values in the space of multigraphs with finite number
of edges, on which the discrete topology can be similarly defined. [

APPENDIX B: PROPERTIES OF COMPLETELY RANDOM MEASURES AND LEVY
PROCESSES

In the proof of Theorem 1.2, we require the notion of completely random measure, which
we define here.

DEFINITION 10 (Completely random measure). A random measure p on R is called
a completely random measure if for all finite families of bounded disjoint sets (A4;);<¢ in
BRy), (u(A;))i<k is an independent collection of random variables.
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Any completely random measure p is a random element of M(Ry) and admits a nice
representation [22, 32], Theorem 10.1111. In the special case where p is stationary, that is, the
distribution of w([t, ¢t + s]) depends only on s for any ¢, s € R, the representation takes the
form (1.1) where the measure p satisfies the condition

/Oo(x A 1D p(dx) < oo;
0

see [22], Example 10.1 (a)).

LEMMA B.1. Let u be a completely random measure of the form (1.1), and let A €
BRy) with u(A) < 00. Then the characteristic function of w(A) is given by

E[e?#D] = exp(iGaA(A) +A(A) ] (e — 1)p<dx>).

PROOF. This is a straightforward calculation, very similar to the one in Exercise 10.1.2
in[22]. O

We will also need the notion of a Levy process. It is defined as a real valued cadlag process
X = (X (#))s>0 such that X (0) = 0, the increments X (1) — X (0), X (©2) — X (t1), ..., X (ty) —
X (t,—1) are independent whenever 0 < t; < --- < t,, and such that X (¢ + 5) — X (¢) is equal
in distribution to X (s) for all s,¢ > 0. It is well known that given any bounded function
h : R — R such that #(x) = x in a neighborhood of 0, the characteristic function, x;(0) =
E(e'?X®), can be written as ¢’V with

_ _1 212 0x 1 _
Y (0) =iab 50 0 +/]R\{O} dp(x)(e 1 —i6h(x)),

where a € R, o0 > 0, and p is a o-finite measure on R such that f(x2 A1 dp(x) < oo.
Following [27], we call the triple (a, o, p) the characteristics associated with &, or simply the
characteristics of X when £ is clear from the context. While % is usually chosen as h(x) =
x1x|<1, here we follow the approach of [27] insisting that /4 is continuous (since this is more
convenient when considering limits); specifically, we will choose A(x) = (Jx| A 1)sign(x).
We will need the following lemma, which is a special case of Corollary 3.6 in Chapter VII in
[27].

LEMMA B.2 ([27]). Let X,, = (X, (¢));>0 be a sequence of Lévy processes with charac-
teristics (by, 0y, pn). Then X, converges to a Levy process X with characteristics (b, o, p)
in law if and only if b, — b, 0, - o and [ fdp, — [ fdp for all bounded continuous
functions f vanishing in a neighborhood of zero.

We will apply the lemma in the special case where p, has support on Ry, [ xp,(dx) is
bounded uniformly in n and b, is given in terms of p, as b, = [(|x| A 1) p,(dx). To facilitate
the application in this case, we prove the following, auxiliary lemma.

LEMMA B.3. Let p, be a sequence of measures on R such that
limsup,,_, o, [ xpn(dx) < 00, let by, = [(x A 1)p,(dx), and let

& &
_ = lim liminf dx, = lim li dx
a- = limBminf | = xn (x) ay = hmhmsup | XpPn (x)
Then [ fdp, — [ f dp for all bounded continuous functions f vanishing in a neighborhood
of zero if and only if p, converges vaguely to p. Furthermore, if p, — p vaguely then b,
converges to some b if and only if a_ = a., in which case b = [;°(x A 1)p(dx) + ay.
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PROOF. Restricting ourself to large enough n, we may w.l.o.g assume that [ xp, (dx) <
2c. Combined with the fact that [ xp(dx) < limsup,_, o, [ xp,(dx) < ¢, we conclude that
onllM, o0)) <c/M and p([M, o0)) <2c/M. Thus convergence for all bounded, continuous
functions is equivalent to vague convergence.

Let us now assume that p, is vaguely convergent to p, and let O < ¢ < 1 be such that p has
not atom at . Then fsoo (x A 1) pn(dx) converges to faoo (x A 1)p(dx), showing that

o0 &
bn=f (xAl)p(dx)+fO (x A 1)pn(dx) + o(1).
£
This implies that
o0 0
liminf b, :/ (xADp(dx)+a- and limsupby, :/ (x ADp(dx)+ay,

which completes the proof. [J

APPENDIX C: PROPERTIES OF LIMITING ADJACENCY MEASURES

In this Appendix, we calculate the finite dimensional distributions of random adjacency
measures corresponding to the graphexes in Theorem 1.2, Theorem 1.7 and Theorem 1.10.
These are used extensively in the respective proofs.

Configuration model. Let &cv denote the random adjacency measure associated to the

multigraphex Wem = (Wewm, Scm, Iem) and EGy = EcMml(x,y):y <
Then we have the following.

LEMMA C.1. For any A,B € Z(Ry) with AN B = &, the conditional distribution
of E&(A x A), conditional on {(6;,v;)}i>1, is Poisson(u(A)z/Z) and that of écm(A X
B) is Poisson(u(A)(B)). Moreover, for a disjoint collection (Bi)f-‘zl, conditionally on
{6, v)}i=1, (SéM(B,- X Bi))ieik)» Gcm(Bi X Bj))1<i<j<k) is an independent collection.

PROOF. Let {(6;, v;)} be a unit rate Poisson process on R%r and set w; := p~ ! (v;). Now,
conditionally on {(6;, v;)}i>1,

Eim(A x A) =Y Poi(w;w)1{6; € A,0; € A} + Y _ Poi(w;/2)1{6; € A}

i>] i
+) 1k <aw;}1{0; € A, oji € A}
Jj.k

+Z]l ' <a?/2)1|nk € A, ), € A}

= ZPOl(wle)]l{G €A, 0;¢e A}+ZP01 w; /2)]1{9 €A}
i>]
+ Y " Poi(aA(A)w;)1{0; € A} + Poi(a”A(A)?/2),
J
where, by construction, all the Poi(-) random variables above are mutually independent.
Therefore,

2 2
£ (A xA):Poi(%Jr A(A) Y wil{6; € A} + > <Zw,]l{9 eA}) )

i>1 i>1

= Poi(u(A)?/2).
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Similarly, conditionally on (w;, 6;)i>1,

&cMm(A x B)

= Poi(w;jw;)1{6; € A, 6; € B}
i#]
+ > 1{xjx <aw;}1{0; € A, o5 € B} + Y 1{xjx <aw;}1{h; € B,oji € A}

Jk Jk
+21 ' <a*/2}1{n € A, m € BY + ) 1{n{ <a*/2}1{nk € B, n € A}
k

= Poi(w;w;)1{; € A,0; € B} + > _Poi(aA(A)w;)1{6; € B}

i#j J

+ Y " Poi(aA(B)w;)1{6; € A} + Poi(a®A(A)A(B)),
j
and thus

Ecm(A x B) = Poi((aA(A) + ) wil{ € B}) x <aA(B) + ) wilf; € A}))

i>1 i>1
:Poi(M(A)pL(B)).

The stated conditional independence follows by construction. [

Generalized random graphs. Let Egrg denote the random adjacency measure associated to
the graphex W(l}RG in Theorem 1.7, and SéRG = &EGRG|(x,y):y<x- We fix any k > 1 and let
(Bi)ie[k) be a collection of disjoint intervals such that B;; lies to the left of B; on Ry. Let
N denote the Poisson point process on Ri with intensity p(dw) ® df. Further let N;, =
N([g, o0) X B;).

LEMMA C.2.
P(éGrg(Bi X Bj) =0,1<i <j<k) =giLI})E[G(N18, ooy Nio) s

(C.1) 1)
G(ll,...,lk)=/ [T fiw [ 1w el OO)}M

1<i<j<k ielk].Lell;] p(le, 00))
where W is the collection of random variables (wg))ie[k],ﬁe[h] and

—a?A(B;)? 1 —aA(B; )
fii(wy = MEY/2 T (B) Luer v’
l<u<v<l; 1+w Wy

(W) = e~ ABIAB)) 1 ~aA(B) Ly wil’ ~ar (B)) Ly wi’
A= 1+ Dy :
uellilvell;] 1+ Wu wy

PROOF. Fix ¢ > 0 and note that, conditional on N;, = k; for all i € [k], the collec-
tion (w; : 0; € U;er) Bi) can be considered as i.i.d. samples from the normalized mea-

sure plie.00). Fix 1 <i < j < k. Given (6, w") and 6\, w$) with 6 € B;, 65 €

Bj, wf,’), wf/ ) > ¢, the adjacency measure Egrg has a point at (651), 6y Y )) with probabil-
@) ()
ity % Moreover, these points are independent given {(6\”, w(’): 1 <u <[;} and
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{(ngj ), wl(,j )) : 1 < v <} variables. Further, (1.2) implies that the set B; x B; has an indepen-

dent Poi(a>A(B;)A(B)) + aA(B) ¥yep wy + aA(B}) Yyep, wh) points from points
{(6,w)} € N with w > €. Using independence of the contributions, the probability of having
zero points in the adjacency measure is precisely f;;(w). Further, we note that given N, the
edges are all independent. This directly motivates the right-hand side of (C.1). Finally, we let
¢ | 0 to get the desired equality. The argument for f;; (w) is similar, and is therefore omitted.

0

Bipartite configuration model. The limiting adjacency measure in case of Bipartite config-
uration model is given by &, Where Weewm 1s defined in (1.9). Let {(6;, v;, ¢;)}i>1 be a
unit rate Poisson process on Ri x {0, 1} and set w; := ﬁ;l(vi) if c; = j. Forr =1, 2, define

the completely random measure p, :=a, A + ;> 0, l(vi)égill{c,- =r}. We will show the
following.

LEMMA C.3. Forany Borel subsets A, B of R with AN B = @, the conditional distribu-
tion of E;VBCM (A x A), conditional on {(6;, v, ¢;)}i>1, is Poisson(u1(A)u2(A)) and that of
Ewgem (A X B) is Poisson(pu1 (A)pu2(B) + pn2(A) w1 (B)). Moreover, for a disjoint collection
(Bi)}_,, conditionally on {(6;, vi)}i=1. EWygey (Bi X Bi))ielkls Ewpen (Bi X Bj))1<i<j<k) is
an independent collection.

PROOF. Note that conditionally on {(6;, v;, ¢;)}i>1,
%—;VBCM(A X A) = ZPoi(wiwj)]l{c,- 75 Cj}]l{@,‘ S A,@j S A}
i>j

+3° 3 Uxjk <arw;ll{c; #r}1{0; € A, o)) € A}
j.k r=0,1

+ le{n,’{/ <aia}1{nk € A, n; € A}
k

=Y Poi(wjw;)1{c; #c;}1{0; € A, 0; € A}

i>]

+° > Poi(a, A(A)w;)1{c; # r}L{f; € A} + Poi(a1as A(A)?),
j r=0,1

where, by construction, all the Poi(-) random variables above are mutually independent.
Therefore,

Epypey (A X A) = POi(ClIClZA(A)z + > aAA)Y e # riwil{h; € A}

r=0,1 i>1

+Zw,-wj1{c,- #Cj}ﬂ.{@i S A,@j S A}>

i>j
= Poi(11(A)pa(A)).
Similar argument can be carried out for A, B € Z(R;) with A N B = & to conclude that
Een (A X B) =Poi(1t1 (A)2(B) + pa(A)ui (B)).

The stated conditional independence follows by construction. [J
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APPENDIX D: RESCALING OF A GRAPHON PROCESS

LEMMA D.1 (Rescaling lemma). Given a sequence of multigraphs (G,),>1 and real

numbers (£y)n>1, suppose that 1lim,_, %f”) =c¢ > 0. Further, let Lblm(Gn) i) Ew for

some multigraphex W = (W, S, I). Then Lbl(G},) i> Eyye, WE = (W€, 8¢, I°) with

. 1
Wex, y,) = W(/ex, ey, ), S(x, )—TS(x/_x ) and I'()=— ()

PROOF. Define the point process & by &([0, s] x [0, t]) = & ([0, ¢~ 251 x [0, ¢ 1/21]),
for any 0 < s, t < oo. First, let us show that, as n — o0,

(D.1) Lbl(G,)(B)S>¢'(B).

where B is any finite union of rectangles. For simplicity, let us take B = [0, ]?; the general
case follows similarly. Let Uy, ..., U, ~ Uniform([0, v/2¢(G,)]) be i.i.d. random variables.

Further, define U = (2e(G ))1 2U,, 1 <i <n, so that, Uj,..., U, are ii.d. samples from

Uniform([0, /¢, 1). Thus, we have

LG ([0,17) = > 1{U; <t,U; <t},
{i,j}€E

Lbl /7-(Gn)([0, =Y 1U] <1, U} <1)
{i,j}eEn

B /2e(G /2e(Gn)t}
{i, ]}eEn Zn

Let ¢/ = ¢~ 1/2¢. 1t now follows that

E[|LbI(G) (10, 117) — Lbl /z=(G) ([0 'T*)|] = .

The proof of (D.1) now follows using the the assumption that Lbl m(Gn)i)SW-

Next, we need to show that &’ 4 &we. Recall Definition 5 with all related notation. Thus
the multigraphon part in &’ is given by

> GiiS(yeor. eoy) qu‘s«f@, J20)-
i#j

On the other hand, if {(6;, v;)}i>1 is a unit rate Poisson point process in R2, then in dis-
tribution, (/c6;, v;)i>1 is equal to (6;, /cv;)i>1. This gives the required rescaling of the
multigraphon part. The rescaling of the star and isolated parts can be dealt similarly using
rescaling properties of Poisson point processes, and thus is omitted here. [
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SUPPLEMENTARY MATERIAL

A correction to Kallenberg’s theorem for jointly exchangeable random measures
(DOI: 10.1214/21-A0OP1508SUPP; .pdf). In this supplement, we establish a characterization
of locally finite random measures, correcting an incomplete characterization from Kallen-
berg [31]. As a consequence, we establish that every random adjacency measure is the adja-
cency measure corresponding to some (possibly random) multigraphex.
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