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Abstract

We introduce, and analyze, three measures for degree-degree dependencies, also called
degree assortativity, in directed random graphs, based on Spearman’s rho and Kendall’s tau.
We proof statistical consistency of these measures in general random graphs and show that
the directed Configuration Model can serve as a null model for our degree-degree dependency
measures. Based on these results we argue that the measures we introduce should be preferred
over Pearson’s correlation coefficients, when studying degree-degree dependencies, since the
latter has several issues in the case of large networks with scale-free degree distributions.
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1 Introduction

This paper investigates statistical consistency of rank correlation measures for dependencies be-
tween in- and/or out-degrees on both sides of a randomly sampled edge in large directed networks,
such as the World Wide Web, Wikipedia, or Twitter. These dependencies, also called the assorta-
tivity of the network, degree correlations, or degree-degree dependencies, represent an important
topological property of real-world networks, and they have received a vast attention in the litera-
ture, starting with the work of Newman [12] [13].

The underlying question that motivates analysis of degree-degree dependencies is whether
nodes of high in- or out-degree are more likely to be connected to nodes of high or low in- or out-
degree. These dependencies have been shown to influence many topological features of networks,
among others, behavior of epidemic spreading [I], social consensus in Twitter [9], stability of
P2P networks under attack [I5] and network observability [6]. Therefore, being able to properly
measure degree-degree dependencies is essential in modern network analysis.

Given a network, represented by a directed graph, a measurement of degree-degree dependency
usually consists of computing some expression that is defined by the degrees at both sides of the
edges. Here the value on each edge can be seen as a realization of some unknown ‘true’ parameter
that characterizes the degree-degree dependency.

Currently, the most commonly used measure for degree-degree dependencies is a so-called
assortativity coefficient, introduced in [12 [13], that computes Pearson’s correlation coefficient
for the degrees at both sides of an edge. However, this dependency measure suffers from the
fact that most real-world networks have highly skewed degree distributions, also called scale-free
distributions, formally described by power laws, or more formally, regularly varying distributions.
Indeed, when the (in- or out-) degree at the end of a random edge has infinite variance, then
Pearson’s coefficient is ill-defined. As a result, the dependency measure suggested in [12] [13]
depends on the graph size and converges to a non-negative number in the infinite network size
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limit, as was pointed out in several papers [5,[8]. The detailed mathematical analysis and examples
for undirected graphs have been given in [7], and for directed graphs in our recent work [I'7]. Thus,
Pearson’s correlation coefficient is not suitable for measuring degree-degree dependencies in most
real-world directed networks.

The fact that the most commonly used degree correlation measure has obvious mathematical
flaws, motivates for design and analysis of new estimators. Despite the importance of degree-
degree dependencies and vast interest from the research community, this remains a largely open
problem.

In [7] it was suggested to use a rank correlation measure, Spearman’s rho, and it was proved
that under general regularity conditions, this measure indeed converges to its correct population
value. Both configuration model and preferential attachment model [16] were proved to satisfy
these conditions. In [I7] we proposed three rank correlation measures, based on Spearman’s rho
and Kendall’s tau, as defined for integer valued random varibles, cf. [I1], and we compared these
measures to Pearson’s correlation coefficient on Wikipedia graphs for nine different languages.

In this paper we first prove that, under the convergence assumption of the empirical two-
dimensional distributions of the degrees on both sides of a random edge, the rank correlations
defined in [I7] are indeed statistically consistent estimators of degree-degree dependencies. We
obtain their limiting values in terms of the limiting distributions of the degrees.

Next, we apply our results to the recently developed directed Configuration Model [2]. Roughly
speaking, in this model, each node is given a random number of in- and out-bound stubs, that are
subsequently connected to each other at random. Since multiple edges and self-loops may appear
as a result of such random wiring, [2] presents two versions of the directed Configuration Model.
The repeated version repeats the wiring until the resulting graph is simple, while the erased version
merges multiple edges and removes self-loops to obtain a simple graph.

We analyze our suggested rank correlation measures in the Repeated and Erased Configuration
Model, as described in [2], and prove that all three measures converge to zero in both models.
This result is not very surprising for the repeated model, since we connect vertices uniformly at
random. However, in the erased scenario, the graph is made simple by design, and this might
contribute to the network showing negative degree-degree dependencies as observed and discussed
in, for instance, [I0, [I4]. Our result shows that such negative degree-degree dependencies vanish
for sufficiently large graphs, and thus both flavors of the directed Configuration Model can be used
as ‘null model’ for our three rank correlation measures.

By proving consistency of three estimators for degree-degree dependencies in directed networks,
and providing an easy-to-construct null model for these estimators, this paper makes an important
step towards assessing statistical significance of degree-degree dependencies in a mathematically
rigorous way.

This paper is structured as follows. In Section [2] we introduce notations, used throughout
this paper. Then, in Section Bl we prove a general theorem concerning statistical consistency of
estimators for Spearman’s rho and Kendall’s tau on integer-valued data. This result is applied in
Section [ in the setting of random graphs to prove the convergence in the infinite size graph limit
of the three degree-degree dependency measures from [I7], based on Spearman’s rho and Kendall’s
tau. We analyze both the Repeated and Erased Directed Configuration Model in Section

2 Notations and definitions

Throughout the paper, if X and Y are random variables we denote their distribution functions
by Fx and Fy, respectively, and their joint distribution by Hx y. For integer valued random
variables X,Y and k,l € Z we will often use the following notations:

fx(k}):Fx(k>+Fx(l€fl>, (1)
H)Qy(k,l) = H)Qy(k,l) + Hx,y(k/’ — 1,[) + H)Qy(k/’,l — 1) + H)Qy(k? - 1,1 — 1). (2)



If Z is a random element, we define the function Fx|z : R x © — [0, 1] by
FX‘Z(z,w) =E[I{X < z}| Z] (w),

where I {X < 2} denotes the indicator of the event {w : X (w) < 2}. We furthermore define the
random variable Fx|z(Y) by

Fx1z(Y)(w) = Fx|z(Y(w),w),

and we write F'y|z(z) to indicate the random variable E[I {X < x}| Z]. With these notations it
follows that if X’ is an independent copy of X, then

IE[I{X'SXHZ]:/R/Rl{zgx}dP(z|Z)dP(:c|Z)
:/RE[I{X'ngZ]dIPmZ)
=E[Fxz(X)|Z].

Using similar definitions for Hy y|z(z,y,w) and Hx y|z(X,Y) we get, if (X', Y’) and (X", Y")
are independent copies of (X,Y), that

E[I{X' < X}I{Y" <Y} Z] =E[Hxy|z(X,Y)| Z].

For integer valued random variables X and Y, the random variables Fx|z (k) and Hx y|z(k,[) are
defined similarly to (I) and @), using Fx|z (k) and Hx y|z(k, 1), respectively.
We introduce the following notion of convergence, related to convergence in distribution.

Definition 2.1. Let { X, }nen and X be random variables and {Z,}nen be a sequence of random
elements. We say that X,, converges in distribution to X conditioned on Z, and write

(XnlZy) =X asn— o0

if and only if for all continuous, bounded h : R — R
E[h(X,)| Za] 5 E[WX)]  asn — .

Here — denotes convergence in probability. Note that if h is bounded then E [h(X0)| Zy)
is bounded almost everywhere, hence lim,, o E [h(X,,)] = lim, oo E[E[R(X,,)] Z,]] = E[h(X)].
Therefore, ( X,,| Z,) = X implies that X,, = X, where we write = for convergence in distribution.
Similar to convergence in distribution, it holds that Definition 21]is equivalent to

Fx. |z, (k) 5 Fx(k) asn— oo, forallkeZ.

In this paper we use a continuization principle, applied for instance in [I1], where we transform
given discrete random variables in continuous ones. From here on we will work with integer valued
random variables instead of arbitrary discrete random variables.

Definition 2.2. Let X be an integer valued random variable and U a uniformly distributed random
variable on [0,1) independent of X. Then we define the continuization of X as

X=X+U.

We will refer to U as the continuous part of X. We remark that although we have chosen U to

be uniform we could instead take any continuous random variable on [0, 1) with strictly increasing
cdf, cf. [4].



3 Rank correlations for integer valued random variables

We will use the rank correlations Spearman’s rho and Kendall’s tau for integer valued random
variables as defined in [T1]. Below we will state these and rewrite them in terms of the functions
F and H, defined in () and () respectively. We will then proceed, defining estimators for these
correlations and prove that, under natural conditions, these converge to the correct value.

3.1 Spearman’s rho
Given two integer valued random variables X and Y, Spearman’s rho p(X,Y") is defined as, c.f. [11]
p(X,Y)=3P(X <X YV <Y")+P(X <X Y <Y
+PX <X Y <Y"+P(X <X Y <Y")-1),

where (X, Y’) and (X”,Y") are independent copies of (X,Y). We will rewrite this expression,
starting with a single term:

P(X < XY <Y =E[I[{X < X}I{Y <Y"}]
=1-E[I{X' <X} -EI{Y" <Y} +E[I{X' <X}I{Y" <Y}
=1-E[Fx(X)] -E[Fy(Y)] +E[Fx(X)Fy(Y)].

If we do the same for the other three terms and use (B7) we obtain,
p(X,Y) = 3E [Fx (X)Fy (V)] - 3. (3)
Since, given two continuous random variables A and ), Spearman’s rho is defined as
p(X,Y) = 12E [Fx (X) Fy (V)] = 3,
Lemma now implies that

p(X.Y) = p(X. 7). (4)

3.2 Kendall’s tau

For two continuous random variables X and ), Kendall’s tau 7(X,)) is defined as
T(Xay) =4E [HXJ}(X,JA] -1

Given two discrete random variables X and Y, Kendall’s Tau can be written as, c.f. [I1I] Propo-

sition 2.2,
T(X,Y)=E[Hxy(X,Y)] -1 (5)

Similar to Spearman’s tho we obtain, using Lemma [A3] that
7(X,Y) =7(X,Y). (6)

Hence applying the continuization principle from Definition on X and Y preserves both rank
correlations. We remark that @) and (@) were obtained for arbitrary discrete random variables,
using a different approach, in [I1].

3.3 Convergence for Spearman’s rho and Kendall’s tau

Let {X,}neny and {Y,}nen be sequences of integer valued random variables. If (X,,Y,) =
(X,Y), for some integer valued random variables X and Y, then lim, o E [Fx, (X»)Fy, (Ys)] =
E [Fx (X)Fy (Y)] which implies that lim,,_, o p(Xp,Ys) = p(X,Y). The next theorem generalizes
this to the setting of the convergence of (X,,,Y,|Z,), of Definition 211



Theorem 3.1. Let { X, }nen, {Yan}nen be sequences of integer valued random variables for which

there exist a sequence {Z,}nen of random elements and two integer valued random variables X
and Y such that

(X0, Yo Z,) = (X,Y) asn— oo.

Then, as n — oo,

0) 3E [Fx, 2, (Xn)Fr, 1z, (Ya)| Za] =3 5 p(X,Y) and

i) E[Hx, voiz, (X, Yo)| Zn] =1 5 7(X,Y).
Moreover, we also have convergence of the expectations:

iii) limp—oo 3E [Fx, 2, (Xn)Fy, 2z, (Ya)] — 3 = p(X,Y) and

iv) limpoo B [Hx, v, 2, (X0 Ya)] —1=7(X,Y).
Proof. Observe first that since (X,,,Y,| Z,) = (X,Y), it follows that for all k,l € Z, as n — oo,

P

Fx,\z,(k) = Fx (k) (7)
Fy, |z,() = By (1) (8)
Hx, .z, (k1) = Hxy (k,1). (9)

Moreover, these convergence hold uniformly, since X and Y are integer valued.
i) Using first (@) and then applying Lemma [A.3] and Proposition [A.4] we obtain,

3E [ Fx,, 12, (Xn)Fy, 2, (Yn)| Zn] =3 — p(X,Y))]
=3 ‘E []:X | Zy (Xn)]:Yn\Zn(Yn” Zn] - E[]:X(X)]:Y(Y)H
=12 [ Fg . (R Fy, 1, (V)| 2] — B [Fr(D)Fp (V)]

|
Zn} “E [Fi (X)) F5 (V)

<12[E[Fg |, (X0)Fy, 7, (Vo) P (Va)| Za]
12 }E{ < (X0) Fo (V) Zn} “E {FX(X)F};(?)”

<12 sup [Fy, 17, (0)F, 12, (0) = (@) Fy )] (10)
+12 }E {F)}()?n)Ff,(f/n) Zn] ~E {FX()?)F?(?)”. (11)

Because the function h(z,y) = Fg(x)F5(y) is continuous and bounded, () converges in proba-
bility to 0. For (I0) we observe that

F)?ann(x)F?n\Zn (y) — Fg ‘ ‘ Xn |Z y N\ Zn (y) — F)}n|zn($)Ff/(y)‘
+[Fx 12, @B (0) *Fg(z)Fy(y)’
< ’ ?n\zn( } } Xn \Z )?(z)’

It now follows that (I0) converges in probability to 0, since the convergence (7)) and () are uniform.
ii) Here we again use Lemma and Proposition [A4] now combined with (&) to obtain,

= |E [Hx, va 12 (Xn: Y0)| Z0] — E[Hxy (X, Y)]]




Zn} _E [H);y()?n,?n)

2

mmzn(

Zn] B [Hg 5(X,7)]|

<4 sup]R ‘H);m;n‘zn (x,y) — H)}’;,(x,y)‘ + 4 ‘E [H)},);(Xn,Yn)
x,ye

Zn] ~E[Hg 5(X,7)]|

The former term converges in probability to 0 because (@) holds uniformly, and for the latter this
holds since h(z,y) = Hg 3 (x,y) is continuous and bounded.

Since both E [-FXn\Zn (Xn)Fyv, |z, (Yn)| Zn] and E [meyn|zn (X, Yn)‘ Zn] are bounded a.e.
we obtain iii) and iv) directely from i) and ii), respectively. O

4 Rank correlations for random graphs

We now turn to the setting of rank correlations for degree-degree dependencies in random directed
graphs. We will first introduce some terminology concerning random graphs. Then we will recall
the rank correlations given in [I7] and prove statistical consistency of these measures.

4.1 Random graphs

Given a directed graph G' = (V, E), we denote by (D" (v), D~ (v)),c the degree sequence where
D™ denotes the out-degree and D~ the in-degree. We adopt the convention, introduced in [I7], to
index the degree type by a, 8 € {+, —}. Furthermore, we will use the projections 7., 7* : V2 — V
to distinguish the source and target of a possible edge. That is, if (v,w) € V2 then 7. (v, w) = v
and 7* (v, w) = w. When both projections are applicable we will use w. For v,w € V we denote
by E(v,w) = {e € E|m«e = v,7"e = w} the set of all edges from v to w. For e € V2, we write
E(e) = E(m.e,m%€e).

Given a set V of vertices we call a graph G = (V, E) random, if for each e € VZ, |E(e)] is a
random variable. Since I {e € E} = I {|E(e)| > 0}, it follows that the former is also a random
variable, cf. [3] for a similar definition of random graphs using edge indicators. Therefore, when
we refer to G as a random element it is understood that we refer to the random variables |E(e)],
for e € V2.

When G is a random graph, the number of edges in the graph and the degrees of the nodes
are random variables defined by I {e € E} and |E(e)|, e € V*:

[Bl= ) I{ee E}|E(),

ecV?2

D™ (v) = > I{(w,v) € E}|E(w,v)|, veV,
weV

DY) = > I{(v,w) € E}|E(v,w)|, veV.
weV

Given a random graph G = (V| E) we define a uniformly sampled edge g as a two-dimensional
random variable on V2 such that

[E(e)|

P(€a =elG) = S

When it is clear which graph we are considering, we will use £ instead of £5. Let «, 5 € {+, —},
k,l € N and 7 be any of the projections 7, and 7*. Then we define

Fg(k) = FDO‘(TF(SG))‘G(k)7 (12)
HE (k1) = Hpa(r, (£6)),08 (- (0)) | (ks 1) (13)



These functions are the empirical distribution of D*(7(€z)) and the joint empirical distribution
of DY(m.(Ec)) and DP(n*(Eg)), respectively, given the random graph G. The functions Fg and
’Hg’ﬁ are defined in a similar way as ([Il) and (2], using (I2) and (3], respectively. In order to
keep notations clear, we will, when considering both projections 7, and 7*, always use « to index
the degree type of the sources and 3 to index the degree type of targets. Moreover, we will often
write D¥m¢ instead of D* (7(Eg)).

Now we will introduce Spearman’s rho and Kendall’s tau on random directed graphs and write
them in terms of the functions (I2) and (I3)). This way we will be in a setting similar to the one
of Theorem B.1] so that we can utilize this theorem to prove statistical consistency of these rank
correlations.

4.2 Spearman’s Rho

Spearman’s rho measure for degree-degree dependencies in directed graphs, introduced in [I7], is
in fact Pearson’s correlation coefficient computed on the ranks of the degrees rather than their
actual values. In our setting, this definition is ambiguous because the data has many ties. For
example, if the in-degree of node v is d then we will observe D™ 7n*e = d for at least d edges
e € E, plus there will be many more nodes with the same degree. In [I7] we consider two possible
ways of resolving ties: by assigning a unique rank to each tied value uniformly at random, and
by assigning the same, average, rank to all tied values. We denote the ranks resulting from the
random and the average resolution of ties by R and R, respectively. Formally, for a, 3 € {+, -},
we write:

Reme= 3" I{D*m.f + Uy > D*moe + U}, (14)
feE

RPr*e =Y I{DPn"f+W; > D’n"e+W.}, (15)
feE

where U, W are independent |V'|? vectors of independent uniform random variables on [0, 1), and

—a 1
R me= -+ Z I{D*rf > D%re} + §I{Do‘7rf = D%re}. (16)

1
2 feE

Then the corresponding two versions of Spearman’s rho are defined as follows, cf. [17]:

_ 123 g ROm(e) RO (e) — B|E|(| | + 1)

8
#(0) = e Em(@F () — 2181+ 1
Var,. (R )Var*(R")

where

Var,(R") = |4 ZRQW*(e)Q —|E|(|E]+1)? and
eelE

Var'(B') = |43 R’ (e)2 - |BI(|E| + 1)2.

ecl
The next proposition relates the random variables p2 (G) and 52 (G) to the random variable
E [fg (D7, &) FL (Dﬂw*é')’ G} . (17)

Proposition 4.1. Let G = (V, E) be a random graph, £ an edge on G sampled uniformly at
random and o, 8 € {4+, —}. Then



1 Z Rr.e Rﬂﬂ'*e

1
B E = i [ F& (Do) F§ (DPr°€) | G] + e (|EI™")  and

Rm.e RPm* 1 S . _
|E|Z |g|€ |£|€:ZIE{]-'G(D 7.&) F2 (DPr 5)]G}+OP(|E| b,

Proof. i) Let £ be an independent copy of £ and e € V2. Then it follows from (I6) that

R re
= + —I{D%f > D%re} + —I{D%nf = D%e
AT ]ZE s g }
SN N ZI{D%f<D%e}+I{D%f<D%e—1}
2|E| 2IEI
=1+ ﬁ - % Z (I{D“rf < D%e} + I{D%f < D%e — 1}) %
fevz
14 ﬁ - % S (I{D"xf < Dme} + I{D°rf < Dre — 1) P (€' = [|G)
fev2
1+ S (F& (D%e) + F& (D%me — 1))
2)lE] 2°¢ ¢
=1+ L l.7-'0‘ (D%me) . (18)
2)lE| 27¢

Using a similar expression for (Eﬂﬂ'*e) /|E| we obtain,

R7T€R7T€ 1 1
* OtDOt* 1 _ ﬂDB*
|E|Z [E] |E|Z( 2|E| ol ”))(+2|E| 376 ( ”))

o[ (st prrea) oy ol

Rearranging the terms yields

|E| > ﬁ|*eR|g‘| ‘= B[R0 7 (06| o]
ecE

1
+1-3E [fg (D°m.&) + FL (DPr€) } G} vop(|B7Y).  (19)
Since the sum over all average ranks equals |E|(|E| 4 1)/2, it follows that

1, 11
Sy —14 -~ — _E[F2(D%e¢)|G
> T oE |E|Z |E| o g lFe (Dtme)l 6l

from which we deduce that
E[F& (D“me)| G] = 1. (20)

The result now follows by inserting (20) in (I9).
il) Again, let & be an independent copy of £ and «,3 € {+,—}. For a2,y € R, we write

Fa(x) = FDTES\G( ) and similarly F(y) = FD?-:g‘G(y). Then we have,
R%m.e o
& - |E| ZI{D Tof +Us > Dmpe + U}
feE



1
> I{Dm.f+Us > Dmee+ U} + I{f = ¢}

Bl &
1
=1-E[I{Dm.E + Ug < D%re+ U}| G] + 7|
- 1
Using similar calculations we get
Rme | _py (DPr*e + We) + (22)
=1- e e —.
E| ¢ |El
Now, using both (ZI)) and (22]), we obtain,
1 Rm.e RPm*e 2 1 1 ~ ~
N 1+ — + — N FS(D%me+ U FL (DP e+ W,
E 2 TE GRATRAT P o )

_ L L o a B B._x
(1+ |E|) B 6%};(FG (D*mye+ Ue) + F (DPr e—i—We))

=1+ |—]25| + ﬁ +E [Fg (D/a?rjs) Fj (D%*S)’G]

- (1413 (B [Fs (0°78) | 6] + [ 72 (077°¢) | )

_l a (o B (DB.* L L
— {E[Fe (Dom.e) F (DPre) | 6] + TIRATIER

The last line follows by first using Propositions[A2]and [A-4] to rewrite the conditional expectations
and then applying (20)). O

4.3 Kendall’s Tau
The definition for 72(G) is, cf. [T,

Ne(G) = Np(G))
[El(IEI-1)

26 =2

[e3

where N (G) and Np(G) denote the number of concordant and discordant pairs, respectively,
among (Do‘w*e,Dﬁﬁ*e)eeE. We recall that a pair (Do‘w*e,Dﬁw*e) and (Do‘ﬂ*f, Dﬁﬂ*f), for
e, f € E is called (discordant) concordant if

(D*me — Dm, f) (DPn*e — DPn* f) (< 0) > 0.
Therefore we have, for the concordant pairs,

2 1

e = [P e,fze:El {Dom(f) < Domale), DPn*(f) < Dn*(e)}
' ﬁ > 1{Dm(f) > Dmu(e), D 7" (f) > DPx(e)}
e,fEE

—E[Hg° (D°m.€ —1,DPr"¢ ~1)| 6]
+1-E[FS (D) G] —E [Fg (Dﬁﬁ*E)’G}

+E [0’ (D°mE, DrE)| 6]



In a similar fashion we get for the discordant pairs

2

D (G) =EFE (D€ ~1)[G] +E [Fg (DPrg — 1)‘ G]

~E[HEY (D°m.€ - 1,D°7°€)| G| - B [HE® (D°m.€,DPn'g ~1)| 6]
Combining the above with (20) we conclude that

2(G) =E [Hg" (D°m.&, DPrE) ‘ G| =1+ op(1BI 7). (23)

4.4 Statistical consistency of rank correlations

We will now prove that the rank correlations defined in the previous two sections are, under natural
regularity conditions on the degree sequences, consistent statistical estimators.

For a sequence {G,, }nen of random graphs with |V,,| = n, it is common in the theory of random
graphs to assume convergence of the empirical degree distributions, see for instance Condition 7.5
in [I6], Condition 4.1 in [2]. Here, similarly to [7], we impose the following regularity condition on
the degrees at the end points of edges.

Condition 4.2. Given a sequence {Gy,}nen of random graphs with |V,| = n and o, € {+,—}
there exist integer valued random variables D* and DP, not concentrated in a single point, such
that

(D;‘;w*gn,Dﬁw*Sn\ Gn) = (DO‘,Dﬁ) as n — 0o,

where &€, is a uniformly sampled edge in G,,.

In the previous two sections it was shown that p2(G), 72(G) and 72(G) on a random graph
G are related to, respectively,

E[Fg (D°m.€) F (DPn*€) |G| and E[#g” (D*r.€,D'n"€)|G].

Note that these are in fact empirical versions of the functions appearing in the definitions of Spear-
man’s rtho and Kendall’s tau, cf. @) and (). The following result formalizes these observations
and states that under Condition B2} p?(G,,), p2(G,) and 72(G,,) are indeed consistent statistical
estimators of correlation measures associated with Spearman’s rho and Kendall’s tau.

Theorem 4.3. Let o, 8 € {+,—} and {Gpn}nen be a sequence of graphs satisfying Condition [{-3
such that as n — oo, |E,| 5. Then, as n — oo,

) p2(Gn) 5 p (D, DP),

) (07, 7)
3v/Sp (D) Sps (DF)’
where Spa (D*) = E [Fpa (D*) Fpa (D* —1)], and

i) p2(Gn) S

i) 72(Gn) = 7 (D, D).
Moreover, we have convergence of the first moments:

iv) lim E [pg(Gn)] =p (Da,Dﬁ);

n—oo
a DB
v) lim E[p2(Gn)] = p (D", D7) and
n—00 3\/Spa (DO‘) Sps (Dﬂ)

10



vi) lim E [7‘ (Gy)] :T(DO‘,Dﬂ).

n—oo

Proof. 1) By Proposition [I1] we have that

Rom.e RPr*e o o . B
|E|Z B 1~ B [F8. (Dimn) FPGu (Din*€n)| Gu] + 02 (|Eal ™).

From this and the fact that |E,| 5 00 it follows that,

1 Rom.e Rm*e  _|E,|(|En| +1)?
ﬁ — n 'k n n n
Pa(Gn) = - > -3
1—|E,|~2 <|E | S5 [Eal |En] |E, |3

= 3E | F&, (Dam.&a) FL, (Din"En)

G| =3+ 0p(|E| ™)
L p(Da,DB) as n — oo,

where the last line follows from Theorem [B.11
ii) From (I8) it follows that,

—a 2 5
R, me 1 1 1 5
w1y ) (1 Dere) + ~F& (D°me)’.
<|En|> (4 am) (1 gy ) 78, 000+ 472, 070

Therefore,

1 R, me 1 29
E = — « e 2
En| 5 <|E |> <1+2|E |) +4E[]:Gn(D TEn) ’Gn}

n

1 (3 [e3
(1+ - |) E[F8, (D*rE,)| G
1
=1+ JE | 7§, (D°n&0)’*| Gu| —E [ F&, (D4mEn)| Gu] + 02(|Enl ™)

1
S1+ ZE |:]:’Da (Do‘)ﬂ —E[Fp« (D¥)] asn — o0
1

1 . o
=7+ 7E[Fpe (D) Fpo (D* - 1)],

where we used Lemma [A ] for the last line. It follows that, as n — oo,

AP <|Eﬂ|e ) -l SEE e e @ -1,

Since D* and D are not concentrated in one point the above term is non-zero. Now, combining
this with Proposition [f111) and applying Theorem [B1] we obtain

p (D°.7?)
3v/Spe (D*) Sps (DF)
ili) Combining ([23) with Theorem Bl yields, as n — oo,

as n — oQ.

7(Gn) >

[e3

2(G,) =E [Hgf (D27.E,, DET*E,)

G| = 1+ 0p(|Ea ™) 5 7 (D, D).

Finally, iv),v),vi) now follow from, respectively, i), ii) and iii) since p2(G,), p2(G,,) and 72(G,,)
are bounded. O

Comparing results i) and iv) to ii) and v), note that the way in which ties are resolved influences
the measure estimated by Spearman’s rho on random directed graphs. In particular, resolving ties
uniformly at random yields the value corresponding to Spearman’s rho for the two limiting integer
valued random variables D and D? as defined in [I1], in the infinite size network limit.
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5 Directed Configuration Model

In this section we will analyze degree-degree dependencies for the directed Configuration Model
(CM), as described and analyzed in [2]. First, in Section [i1] we analyze the model where in- and
out-links are connected at random, which, in general, results in a multi-graph. Then we move on
to two other models that produce simple graphs: the Repeated and Erased Configuration Model
(RCM and ECM). By applying Theorem [4.3] in Sections and 5.3 we will show that RCM and
ECM can be used as null models for the rank correlations p, p and 7.

5.1 General model: multi-graphs

The directed Configuration Model in [2] starts with picking two target distributions F_, F for
the in- and out-degrees, respectively, stochastically bounded from above by regularly varying
distributions. We will adopt notations from [2] and let v and £ denote random variables with
distributions F_ and F, respectively. It is assumed that E[y] = E[{] < oo. The next step is
generating a bi-degree sequence of inbound and outbound stubs. This is done by first taking two
independent sequences of n independent copies of v and &, which are then modified into a sequence
of in- and outbound stubs R N N
@) = (D), D~ W) .
veV
using the algorithm in [2], Section 2.1. This algorithm ensures that the total number of in- and
outbound stubs is the same, |E| = Y wev D*(v), a € {+,—}. Using this bi-degree sequence, a
graph is build by randomly pairing the stubs to form edges. We call a graph generated by this
model a Configuration Model graph, or CM graph for short. We remark that a CM graph in
general does not need to be simple.

Given a vertex set V', a bi-degree sequence iA)(G) and v € V, we denote by v;", vy for1<i<
B+(U) and 1 < j < B_(’U), respectively, the outbound and inbound stubs of v. For v,w € V,
we denote by {v;” — w; } the event that the outbound stub v} is connected to the inbound stub
w; and by {vf — w} the event that v]" is connected to an inbound stub of w. By definition

of CM, it follows that P (v:r — w;|35(G)) = 1/|E| and hence P (v:r — w|35(G)) = D~ (w)/|E|.

Furthermore we observe that |E), (e)| = Ziﬁme I{(m.e)] — m*e}. Given a random graph G, we
denote
18P (k1) = I {D%rve = k} I {Dr*e =1},
where o, 3 € {+, -}, k,l € Nand e € V2.
For proper reference we summarize some results from Proposition 2.5, in [2], which we will use
in the remainder of this paper.

Proposition 5.1 ([2], Proposition 2.5). Let @(Gn) be the bi-degree sequence on n vertices, as
generated in Section 2.1 of [2], and k,l € N. Then, as n — oo,

% 3 I{E;v:k}z{ﬁ;v:z}ﬂp(gzkm(v:l),

veV,
1 ~ P 1 ~_ P
il + il
nZDnv%E[é] and nZDnv%E[’y].
veVy veEVy

Given a random graph G = (V, E), we will use ©(G) as a short hand notation for its degree
sequence (D~ (v), DT (v))yev. We emphasize that for a graph generated using an initial bi-degree
sequence, the eventual degree sequence D(G) can be different from @(G) This, for example, is
true for the ECM, Section (.3l where, after the random pairing of the stubs, self-loops are removed
and multiple edges are merged.

In order to apply Theorem 3] to a sequence of (multi-)graphs {G,, }»en generated by CM, we
need to prove that

(De7.En, DEn*E,| Gr) = (D*, D7),
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for some integer valued random variables D and DP. For this, it suffices to show that, as n — oo,
«a, P
HGn (ka l) — HDD‘,'DB (ka l)a
for all k,1 € N. We will prove this by showing that
E [Igf(k,l)’ Gn} Ep (D =k D =1),

as n — 00, using a second moment argument as follows. Given a sequence {G), }nen of graphs,
a,f € {+,~} and k,I € N, we will show that the empirical joint probability E [E {Igf (k, 1) Gn”
converges to PP (Do‘ =k DP = l). Then we will prove that the variance of E [Igf(k, l)‘ Gn} con-
verges to zero.

We start with expressing the first and second moment of E {I gf (k, l)} Gn}, for CM graphs,

conditioned on the bi-degree sequence @(Gn) in terms of the degrees. We observe that, for
o, € {+,-}, e € VZ and k,l € N, the events {Dm.e =k} and {Dfn*e =1} are completely
defined by ZA)(G”), hence so is 127 (k,1). We remark that, since CM leaves the number of inbound
and outbound stubs intact, we have D(G,,) = D(G,,). However, in this section we will keep using
hats, e.g. Bn instead of D,,, to emphasize that G,, can be a multi-graph.

Lemma 5.2. Let {G,}nen be a sequence of CM graphs with |V,| = n and o, € {+,—}. Then,
for each k,l € N,

) & [ 100|686 - 3 o0 BAEEREE g

2| o Dfr.eD- 7
i) E{E[Igf(k,l)’(ln} ‘@(Gn)} =Y Ig*ﬁ(k,l)% +op(1).

ecV;?
Proof.
) E B30 0] D] =& | 3 1002 5a,) 21)
’ ecV? |E"|
1 ~
= —— > 1P DE[|Ba(e) | D(G)]
|E”| eeV,?
ﬁ:ﬁr*e
S 1% (k, )E [{(me)f = 7} | D(G)
|En| eevyg =1
(ﬁ;’{me B;ﬂ'*e)
= I%P (k1) -
ecV?2 |E"|
ii) Following similar calculations as above we get,
2| ~
E [E [Igf(k;,z)’ Gn} @(Gn)}
o o En(e)||E, Dl a
& | Y oty BB 5, (29)

eV | En?

13



TI'*E D+7r*

Z Z [I{m — et I{(mf)¥ %w*f}}@(Gn)} ) (26)

We will, for e, f € V.2, analyze

D+7r*e D+7T*

Z [I{ﬂ* — et I{(m )T *)ﬂ*f}|6(Gn):| (27)

IE 2

for all different cases, e = f, eNf =0, e, = f. and e* = f*. First, suppose that e = f. Then ([27))
equals

1 NS M=l =0 HE s G,
BE 2 A B AR

Writing out the sums and using that e = f we obtain,

Dfr.eD m*eDYm, fD, * f

N VN Y -
. (ﬁ:ﬂ*ez (ﬁ;ﬂ*e) . (ﬁ{me)jf);w*e) 29)
|Enl® [En?(1En] = 1)
(ﬁﬁw*e)Q (IA):{W*e) (Bf{mer (B;ﬂ*e) (50)
|Enf3(|Enl = 1) |Enl2(|En| = 1)

Since for all k > 0 and s € {+, —} it holds that

k
1 (b k 1 ( ~ ) 1
= Z DZ’U) < = Z Dzv - =
B[4 B[4 | Enl

veEVp veEVn

we deduce that the terms in [29) and (30) contribute as op(1) in (28), from which the result for
e = f follows. The calculations for the other three cases for e, f € V,2 are similar and are hence
omitted. 0

As a direct consequence we have the following
Proposition 5.3. Let {Gy}nen be a sequence of CM graphs with |V,| = n and o, 8 € {+,—}.

Then, for each k,l € N, as n — oo,

’IE {E [Igf(k,n‘ Gnr A(Gn)r

@(Gn)} _E [E [Igf(k:,l)‘ Gn}

Now, using the convergence results from [2], summarized in Proposition B we are able to
determine the limiting random variables D® and D?.

Proposition 5.4. Let {G,}nen be a sequence of CM graphs with |V,| = n and o, 8 € {+,—}.
Then there exist integer valued random variables D* and DP such that for each k,1 € N, as n — oo,

E [E {Ig’ﬂ(k,l)‘ Gn}

A(Gn)} EP(D=k)P (D =1).
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Proof. First let (o, 8) = (4, —). Then it follows from Lemma[5.2]1) that

~ ~ ~ DjvD;;
E [E [I?f(k,l)‘ Gn} (Gn)} - Y1 {D:[v - k} I {D;w - } Tl W
vV |Enl?
~ D; ~ Dy
_ <Z I{D:{v: k} ﬁ”) (Z I{D;w:l} 2w>
veV, |En| wEVy, |En|
ZI Bj{v:k} Zl{ﬁnwl}
=k = l =
veV, |E’ﬂ| weV, |En|
kP(E=k)IP(y=1
5 (E=k)IPH=1) as n — oo,
E[¢] E[]
where the convergence in the last line is by Proposition [l The other three cases are slightly
more involved. Consider, for example, («, 8) = (—,+). Then we have,
~ ~ Dy ~ Dy
E [E [Igf(k,l)‘Gn} (Gn)] = I{D;v:k} ol I{D:[w:l} 2% 31
| Vs |Enl pev, |En|

We will first analyze the last summation.

R OIS N L ML)

" €N weV,

L L%[ﬂl)ZiP(vi) asn — 0o
€N

=S =), (32)

where we again used Proposition BIland E [y] = E [¢]. In a similar way we obtain that, as n — oo,

— Y DI {Dy )=k} SR =k). (33)
|En| veV,

Applying 32)) and B3] to BI)) we get
E [E (15 (k,1)| G| @(Gn)} EP(y=kPE=1).

For the other two cases we obtain, as n — oo,

E[E 15 (k.1)] Gu] | D(G)] 5

E [¢]
E[E 157 (k0] Ga) [ D(Gn)] [P (y Iﬁﬁ (v=1)

The results now holds if we define D® and D” by their probabilities summarized in Table[l O
We end this section with a convergence result for first and second moment of E [Igf (k, l)‘ Gn} .

Proposition 5.5. Let {Gy}nen be a sequence of CM graphs with |V,| = n and o, 8 € {+,—}.
Then, for each k,l € N,

i) lim E[E[15°(k,0)| G| =P(D* = k)P (D7 =),

n—oo
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Table 1: Distributions of

a B P (D™ = k) P(D? =1)
+ - kP(E=EK)/E[E] IP(y=1)/E}]
-+ P(y=k) P(¢=1)
+ + kP =k)/E[] P(¢=1)
- - P(y=k) IP(y=1)/E[Y]

D* and D? for a, B € {+,—}.

i) lim E [IE (227 (kD) Gnﬂ =P (D" = k)P (D? =1)°,
and hence, as n = o0, E |18 (k, )| Ga] 5P (D" = k)P (D7 =1).
Proof.
i) Let k,1 € N, then, since
E {E [Ig’ﬁ(k,l)’Gn} @(Gn)} <1, (34)

it follows, using Proposition[B.4land dominated convergence, that for each pair «, 5 € {+, —},

we have

lim E

n— o0

[E[18°(0,0)| Ga] | =P (D = )P (D* = 1),

where D*, D have distributions defined in Table [1

ii) For the second moment we get, using conditioning on @(Gn),

lim E

n—roo

= lim E

n—r oo

{E [Igf(k, 1)’ Gnr]

= lim E

n— o0

lim E

n—roo

(P (D"

:E []E [Jgf(k,n‘ Gnﬂ 6(Gn>H

2
Dim.eD; m*e

a,p 0
TSR | ot
£ [5[157(k0)] 6] @<Gn>]2+oﬁ»(1)} (36)
— k)P (D =1))". (37)

Here (33) follows from Lemma [52]ii), [B4) is by Lemma i), and (B0 is due to Proposi-
tion [B.4], continuous mapping theorem, ([B4]) and the fact that the op(1) terms are uniformly
bounded, see proof Lemma [5.2l The distributions of D, D? are again given in Table [l

The last result now follows by a second moment argument.

O

5.2 Repeated Configuration Model

Described in Section 4.1 of [2], RCM connects

inbound and outbound stubs uniformly at random

and then the resulting graph is checked to be simple. If not, one repeats the connection step
until the resulting graph is simple. If the distributions F_ and F have finite variances, then
the probability of the graph being simple converges to a non-zero number, see [2], Theorem 4.3.
Therefore, throughout this section, we will assume that E [72], E [52] < 00.

Let {G,, }nen be again a sequence of CM graphs, and let S,, denote the event that G,, is simple.
We will prove, in Theorem 57 below, that for a sequence of RCM graphs of growing size, our three
rank correlation measures converge to zero, by showing that for all o, 8 € {+, -} and k,l € N,

E[18°(6,1)| Gn, 5]

P

=P (D*=k)P (D’ =1),
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as n — 0o, where D and D? are random variables whose distributions are defined in Table [II
First we show that, asymptotically, conditioning on the graph being simple does not effect the

conditional expectation E {E [Igf (k, l)‘ Gn} A(Gn)}.

Lemma 5.6. Let {G,}nen be a sequence of CM graphs with |V,,| = n and o, € {+,—} and
denote by S, the event that G, is simple. Then, for each k,l € N, as n — oo,

’E []E {Igf(k,l)‘ G, Sn]

A(Gn)} —E [E [Igf(k,w’ Gn}

D (Gn)] ] L)
Proof. First, we write

‘E[E[Igf(k,l)’Gn,S } } E[E[ 127 (k, l)’Gn]

1)l

ﬁ(cn)) and Var(I{SnH@(Gn))

6.

(G
8] )]

(Gn)
{}

- ‘IE {E[Igﬁ(k 1)’

Next, denote by

Var (E [Igf(k, 1)‘ Gn}

the variance of, respectively E [IST’LB (k, l)‘ Gn} and I {S,,}, conditioned on @(Gn) Then, by adding
and subtracting in (B8] the product of the conditional expectations

2] P(SuD(Gn)

E[E 18 (k1) G] PE :

we get

< P(gn) \/Var (E [Igf(k,w] Gn} D (39)

Following the argument in the first part of the proof of Proposition 4.4 from [2] we conclude that,
P (8n|33(Gn)) and P (S,,) converge to the same positive limit, hence the latter expression in (B9))

is op(1). The result now follows, since by Proposition 0.3l

Var (E [Igf(k:, 1)‘ Gn}

A(Gn)) = op(1).
O

In the next theorem we show that the conditions of Theorem hold for a sequence of RCM
graphs, and thus obtain the desired convergence of the three rank correlations, using a second
moment argument.

Theorem 5.7. Let {G,,}nen be a sequence of RCM graphs with |V,| = n and o, € {+,—}.
Then, as n — oo,

p'g(Gn) i 0, ﬁg(Gn) L0 and Tf(Gn) £o.
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Proof. Instead of conditioning on RCM graphs we condition on CM graphs G,, and the event that
it is simple, S,. Let k,l € N and let D®, D” have distributions defined in Table [l Then, for each
pair «, 8 € {4, —}, we have

’E (& [ 187k, 1)] G, S0

A(Gn)} ~P(D* = k)P (D’ :l)’

< ‘IE [E [Igf(k,z)‘ Gn,sn}

A(Gn)} _E [E [Igf(k,l)‘ Gn}

6.

+ ’E [E [Igf(k,z)‘ G| D(Gn)| ~B (D" = )P (D" = z)’.

Hence by Lemma and Proposition [5.4] it follows that, as n — oo,

E [E [Jgf(k,n\ G, Sn}

“(Gn)} L P =k)P (D =1).

Since E |E [ 18:° (k)| Gn, S| D

(Gn)} < 1, dominated convergence and the above imply that

lim E [E[18°(k,1)| Gu, Sa] | = P(D* = k)P (DF = 1). (40)

n—o0

For the second moment we have

}E{E[ aﬁkl’Gn,Sr

} P (D = k)*P (D =1)°

< |E K I{S } 1)1@ 12 Gnr D(Gy) | (41)
+ ‘E []E {IW (k,1 ’Gnr } []E [Igf(k,l)’Gn} A(Gn)r’ (42)
+ ‘E [E [ 17 (k,0)| Gn) | B } P(D* = k)P (D? =1)* (43)

From Proposition it follows that ([@2) converges to zero, while this holds for (@3] because
of Proposition [5.4] and the continuous mapping theorem. Finally, since

((40) 1) = (5 ) Coris) e elinafa)

it follows that

@) <E {IE {Igf(k;,l)‘ Gn} (ﬁ»{(?j - 1) ‘ é(cn)} (1 +P(Sn)_1) 50 asn— oo,

by [B8), Lemma and Proposition 4.4 from [2]. Therefore, using ([34]) and dominated conver-
gence, we get

lim E {E [Igf(/g,z)‘ Gn,snﬁ =P (D = k)’ P (D? =1)°. (44)

n—oo

Combining ({0) and [@4]), a second moment argument now yields that,
E [Igf(k,l)‘ G, Sn:| 5 P(D*=k)P (DB = l) as n — 0o.

The result now follows from Theorem B3] by observing that the random variables D and D are
independent and not concentrated in a single point. The latter is needed so that in case of average
ranking we have Spa (D) # 0, see Theorem (3] O

18



5.3 Erased Configuration Model

When the variances of the degree distributions are infinite, the probability of getting a simple
graph using RCM converges to zero as the graph size increases. To remedy this we use ECM,
described in Section 4.2 of [2]. In ECM stubs are connected at random, and then self-loops are
removed and multiple edges are merged. We emphasize that for this model the actual degree

sequence D(G) may differ from the bi-degree sequence, D(G), used to do the pairing.
We will often use results from Proposition 4.5 of [2], which we state below for reference.

Proposition 5.8 ([2], Proposition 4.5). Let G,, = (V,, E,) be a sequence of ECM graphs with
V.| =n and k,1 € N. Then, as n — oo,

1 P 1 _ P
— g I{Dtv=k} P =k) and - E IiDv=I1{ =>P((yv=1).
nUEVn { } ( ) nvEVn { } ( )

We will follow the same second moment argument approach as in the previous section to prove
that all three rank correlations, p, p and 7 converge to zero in ECM. First we will establish a
convergence result for the total number of erased in- and outbound stubs.

Forv,w € V and a € {+, —}, we denote by E“*(v) and E°(v, w), respectively, the set of erased
a-stubs from v and erased edges between v and w. For e € V2, we write E€(e) = E°(m.e, m*¢).

Lemma 5.9. Let {G,}nen be a sequence of ECM graphs with |V,,| =n and o € {+,—}. Then
1
— Z |Er*(v)] 50 asn— oo
" IS\ 2%

Proof. Let N € N and fix a v € Vy, then for all n > N, |[ES*(v)| < 74, + 1 where all v, are i.i.d.
copies of . Since by Lemma 5.2 from [2] we have ES ®(v) — 0 almost surely and furthermore
E [y] < 00, dominated convergence implies that

Applying the Markov inequality then yields, for arbitrary € > 0,

E[ES®
- PG > 180 )l 26> < g Zoew IO,
n

n— 00 v n—o0 ne
O
Since R
|E| = |E| =Y |[E“*(v)| for a € {+,—},
veV
the above lemma combined with Proposition (.l implies that

E,
ugﬂih] as n — oo. (45)

n

We proceed with the next lemma, which is an adjustment of Lemma (5.2l where we now condi-
tion on both the bi-degree sequence of stubs as well as the eventual degree sequence. We remark
that 127 (k, 1) is completely determined by the latter while 3~y [E(e)| is completely determined
by the combination of the two sequences. Recall that for e € V2, |E(e)| denotes the number of

edges f € E with f = e before removal of self-loops and merging multiple edges and observe that
[E(e)| = |E(e)| — |E“(e)]-

Lemma 5.10. Let {G,}nen be a sequence of ECM graphs with |V,,| = n. Then, for each k,l € N
and o, B € {+, -},
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A(G } Zlaﬁle meeD 7re+0[£”(1)7

i) E {E [Ig‘f(k,l)‘ Gn} S | Enl?

i) E {E [Igf(k,z)‘cnr ﬁ(cn),g(cn)] — [ S 1o pPamBame ) .

v B

To obtain this result we need the following Lemma.

Lemma 5.11. Let {G,}nen be a sequence of ECM graphs with |V,,| = n. Then, for each k,l € N
and a, /3 € {+7 7}7

Proof. Since Bf{ﬂe = D&me + |ES “(me)|, we have

Djm.eD, " Djfm.eD, "
Z IS’B(kaUM = Z IS’B(k,Z)M

cev? | En? cev? | En|?

P A e ke Lok Ga (46)
ceve |En?

£ re(h, y Dameel B () (47)
el | En?

c, + c, — *
oy, BT (mee)|[ES  (m7e)]|

+ XV: 198 (e, 1) AT . (48)

eec f n

By Lemma [5:9 and Proposition 51 it follows that ({8 is Op( ). For ({@G]) we have

D+7r*e|EC*’(7r*e)| |ES—
198 (e, 1) =
2 | En|? Z |E | Z B |

eeV;? vEV, weV,

|ER (w)|
Z |E | — OP(l)a

weVp

where the last line is due to 3, . Bj{ v = |E,|. The last equation then follows from Lemma [5.J]
and Proposition 5l This holds similarly for [@7) and hence the result follows. O

Proof of Lemma 50 1) By splitting | E,, (e)| we obtain,

E{E[Igf(k,z)]cn} D(Gr), D } Z 198 (1, 1) (|)| D(Gr), D(Gr)
Z Ia,ﬂ kl |E|‘ (|)| A( n) (49)
N Zfaﬁkzz [1B2()1D(Gn), D(Ga)| - (50)
For (IBIII) we have,
-+ Z 12 (1, E |25 0] D(G). DG < 1 3 E[IEIIDG.). (G
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|E | Z |Ec+

vEVR

which is op(1) by Lemma[B.9and ([45). Now, since the conditional expectation in (49]) equals [24]),
it follows from Lemma[5.2]1), Lemma 51T and (@) that
Dim.eD; m*e
_ «a,f n 'x n
(m) - Z Ie (kal) |En|2 +OIF’(1)

ecV;?

ii) Splitting both terms |E, (e)| and |E, (f)| for e, f € V,2 yields,

E {E [Igf(k,z)‘ Gnﬂ @(Gn),E(Gn)]

—-F Z Ig"ﬂ(k;,Z)I;"ﬂ(k,l)—w"(e)'|E"(f)| D(Gn), D(Gn)

e.fevz | En?
= :g::zE efze:wlw (k, )15 (K, z)L |gEA|( W% (51)
+ 1;21315(@1)1;%(1@,1)E % D(Gy),D(Gy) (52)
- J;V I8 (kI (k, DE % ﬁ(Gn),Z)(Gn)_ (53)
- f;f”(k DI (k, DE % B(Gh), 0G| (54)

Recognizing the conditional expectation in (BIl) as [25]), then using first Lemma ii) and then
Lemma BT and {3), it follows that (5I]) equals

2

o D m.eD; m*e
Z I%P (k1) T ER + op(1).
ecV?

It remains to show that (B2)-(G4) are op(1). For (B2]) we have
2
N 1 ,
Q(Gn)ag(Gn)] < <m Z |EZ’+(U)|> = op(1)
" veVy,

by Lemma B9 and {3). Since ([B3) and (B4) are symmetric we will only consider the latter:

Z [ea”@(k;, l)[?’ﬁ(k, )E |Efl(f)||E'n(e)|

Z IS’B(/{Z, l)[?’ﬁ(k, Z)E |: |Ercz(€)||Ercz(f)

2
e, fev? |En|

D(Gn),D(Gy)

AR
e, fev?
Ec(f 1 ~ ~
S DL G EICR)
fevz En ”eevg
(= 1B 1B
(32 ) o -

Here, for the last line, we used > .y» E {|En(e)|‘ @(Gn)} = |E,|, and then Lemma [5.9 and (@5).
|
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A straightforward adaptation of the proof of Proposition [5.4] using Lemma [5.10 instead of
Lemma [5.2] yields the following result.

Proposition 5.12. Let {G),}nen be a sequence of ECM graphs with |V,| =n and o, 8 € {+,—}.

Then there exist integer valued random variables D* and DP such that for each k,1 € N, as n — oo,

E [E [Igf(k,z)‘ Gn} D(G), D(Gn)| S P D = k)P (D? =1),

where the distributions of D and D? are given in Table [

We can now again use a second moment argument to get the convergence result for the three
rank correlations in the Erased Configuration Model. We omit the proof since the computation of
the variance follows the exact same steps as those in Proposition 5.5 where now, instead of only
conditioning on D(G,,), we also condition on D(G,,) and use Lemma ET10

Theorem 5.13. Let {G,,}nen be a sequence of ECM graphs with |V,| = n and o, € {+,—}.
Then, as n — oo,

p'g(Gn) N 0, ﬁ’g(Gn) 20 and TB(Gn) o

[e3

This theorem shows that even when the variance of the degree sequences is infinite, one can
construct a random graph for which the degree-degree dependencies, measured by rank correla-
tions, converge to zero in the infinite graph size limit. Therefore this model can be used as a null
model for such dependencies.
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Appendix A Continuization

In this appendix we will establish several relations between the distribution functions of integer
valued random variables and their continuizations, using the functions F and H defined in () and

@), respectively.
Let X = X + U be as in Definition 2.2] take k € Z and define I}, = [k, k + 1). Then for x € Iy,

Fg(x) = (x —k)Fx(k)+ (k+1—-2)Fx(k —1). (55)
As a consequence, it follows that for x € Iy,
dFg(x) = (Fx (k) = Fx(k—1))dr =P (X = k) dx. (56)

These identities capture the essential relations between X and its continuization X. As a first
result we have the following.

Lemma A.1. Let X be an integer valued random variable and m € N. Then,

m

Proof. Using (B3) we obtain,

/1 Pyl = /1
-3 (%)

3

ES

(x —k)Fx(k)+ (k+1—x)Fx(k—1))" dz
Fx (k)

T (k — 1) / (0) (1 —y)™dy
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= ml i m—i LA+ DT(m —i+1)
_ZﬂiFX(k‘) Fx(k-1) L(m+2)

Il
—

b
B
3
=
>

I
=
QU

S

keZ " "k
. . .
= — E|Fx(X)Fx(X-1)m"
1 ; [Fx (X) Fx ( )"
O
As a direct consequence of Lemma [A 1] we get
1 ~ 1
5 =E|[Fr(X)| = JEFx (X)), (57)

relating F'g to Fx. Similar to (B3), if Z is a random element independent of X, we get for x € I,

Applying (ER) in a similar way as (B3] we arrive at an extension of Lemma [AJl The proof is
elementary, hence omitted.

Proposition A.2. Let X be an integer valued random variable and Z a random element inde-
pendent of the continuous part of X. Then

i) E[Fe(X)| 2] = %E[]—'X(XHZ], 0.5

. > 1
ii) F32 (X) = 5.7-“X‘Z(X), a.s.

The following results are extensions of the previous ones to the case of two integer valued ran-
dom variables X and Y. We will state these without proofs, since these are either straightforward
extensions of those for the case of a single random variable or follow from elementary calculations
and the previous results.

Lemma A.3. Let X,Y be integer valued random variables. Then,
. > ~ 1
i) E[Fe(X)Fyp(7)] = EFx () Fr (V)]
. S o 1
i) E {H§7;(X,Y)} = JE My (X,V)).

Proposition A.4. Let X,Y be integer valued random variables and let Z be a random variable
independent of the uniform parts of X and Y. Then

i) E [Fg(i)ﬁ?(f/)’Z} - %E[]-‘X(X)]-'y(YNZ] a.s.;

-~ 1
X,Y) = ZHX,Y|Z(X;Y) a.sS.
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