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Abstract

The random key graph, also known as the uniform random in-
tersection graph, is a random graph induced by the random key
predistribution scheme of Eschenauer and Gligor under the assump-
tion of full visibility. We show the existence of a zero-one law for
the appearance of triangles in random key graphs by applying the
method of first and second moments to the number of triangles in
the graph.

1 Introduction

Eschenauer and Gligor [4] have recently proposed the following random key
predistribution scheme for wireless sensor networks(WSNs): Before network
deployment, each sensor is independently assigned K distinct cryptographic keys
which are selected at random from a pool of P keys. These K keys constitute
the key ring of the node and are inserted into its memory. Two sensor nodes
can then establish a secure link between them if they are within transmission
range of each other and if their key rings have at least one key in common; see
[4] for implementation details.

Under the assumption of full wvisibility, namely that nodes are all within
communication range of each other, two nodes can communicate securely if their
key rings share at least one key. This notion of adjacency induces the random
key graph K(n; (K, P)) on the vertex set {1,...,n} where n is the number of
sensor nodes; see Section 2 for precise definitions.

In search of an indication for the feasibility of EG scheme in the context of
WSNs, most of the research so far has focused on the connectivity properties
of random key graphs. Setting aside the fact that random key graphs are not
equivalent to Erdés-Renyi graphs [3], Eschenauer and Gligor [4] transferred the



well-known results for connectivity of Erdés-Renyi graphs to random key graphs
by matching the corresponding graphs by identical link assignment probabili-
ties. The validity of this transfer was later established at the cost of increased
technicalities in [1], [2], [13]. In light of this success, it is natural to wonder
whether this transfer from Erdds-Renyi graphs to random key graphs applies
more generally to other graph properties.

Interestingly enough, random key graphs have appeared in application areas
as diverse as clustering analysis [6], [7] and recommender systems [10], and their
study is therefore of interest beyond the context of WSNs. The recent results
in [1], [2], [13] settling the graph connectivity problem, we shift the focus in
this paper towards other properties of random key graphs by considering the
subgraph containment problem.

In the literature of random graphs, it has been of interest [3], [9] to look
for thresholds for the containment of certain subgraphs, the most popular and
simplest one being the triangles. Given the fact that the number of triangles
in the graph is related to the clustering properties, this problem also bears
practical importance.

We manage to show that random key graphs admit a zero-one law for the
existence of triangles and we identify the corresponding critical thresholds. As
we compare this threshold with the one obtained for Erdos-Rényi graphs, we
see that the random key graphs evolve in a way such that the triangles start to
appear earlier than in the case of Erdés-Rényi graphs. In fact, for the parame-
ter range that is practically interesting in the context of WSNs, the threshold
obtained for random key graphs turns out to be much smaller than the thresh-
old for Erdos-Rényi graphs. Also, in that range it is easy to conclude from the
results of this paper that the expected number of triangles is much larger in
random key graphs compared to Erdos-Rényi graphs; a fact that was also ob-
served in [2] via simulations. This prompts us to conclude that transferring the
results for Erdos-Rényi graphs to random key graphs by matching them with
identical link assignment probabilities can be quite misleading in some cases.

The paper is organized as follows: In Section 2 we formally introduce the
class of random key graphs while in Section 3 we present the main results of the
paper summarized as Theorem 3.1 and Theorem 3.2. These results are then used
in Section 4 to compare random key graphs with Erdés-Rényi graphs in terms of
their behavior for triangle appearance. In Section 5, we compute the expected
value of the number of triangles in random key graphs and the asymptotic results
that will be used in the proofs of the main results are collected in Section 6. In
Section 7.1, we give a proof of the zero law (Theorem 3.1) while an outline for
the proof of the one law (Theorem 3.2) is given in Section 7.2. Final parts of the
paper (Sections 8 through 11) are devoted to completing the proof of Theorem
3.2.

A word on the notation and conventions in use: All limiting statements,
including asymptotic equivalences, are understood with n going to infinity. The
random variables (rvs) under consideration are all defined on the same proba-
bility triple (2, F,P). Probabilistic statements are made with respect to this
probability measure P, and we denote the corresponding expectation operator



by E. The indicator function of an event F is denoted by 1 [E]. For any discrete
set S we write |S| for its cardinality.

2 Random key graphs

The model is parametrized by the number n of nodes, the size P of the key pool
and the size K of each key ring with K < P. We often group the integers P
and K into the ordered pair § = (P, K) in order to simplify the notation. Now,
for each node i = 1,...,n, let K;(0) denote the random set of K distinct keys
assigned to node ¢ and let P be the set of all keys. The rvs Ki(0),...,K,(0)
are assumed to be i.i.d. rvs, each of which is uniformly distributed with

p\ !
]P’[Kl-(ﬂ)S](K) , i=1,...,n (1)
for any subset S of P which contains exactly K elements. This corresponds to
selecting keys randomly and without replacement from the key pool.

Distinct nodes ¢,5 = 1,...,n are said to be adjacent if they share at least
one key in their key rings, namely

K(0) N K;(0) # 0, (2)

in which case an undirected link is assigned between nodes ¢ and j. The result-
ing random graph defines the random key graph on the vertex set {1,...,n},
hereafter denoted K(n; 6).

For distinct 4,5 = 1,...,n, it is easy to check that

P [K;(0) N K;(0) = 0] = q(0) (3)
with
0 if P<2K
q(0) == (725 (4)
K ) if 2K < P,

whence the probability of edge occurrence between any two nodes is equal to
1 — q(#). The expression given in (4) is a simple consequence of the often used
fact that

(")
P[SNK;(0) =0] = £ i=1,...,n (5)

for every subset S of {1,..., P} with |S| < P — K. Note that if P < 2K there
exists an edge between any pair of nodes, so that K(n;0) coincides with the
complete graph K,. Also, we always have 0 < ¢(f) < 1 with ¢(f) > 0 if and
only if 2K < P.

For simplicity of exposition we refer to any pair of functions P, K : Ny — Ny
as a scaling provided the natural conditions

K,<P, n=23... (6)

are satisfied.



3 The main result

Pick positive integers K and P such that K < P. Fix n = 3,4,... and for
distinct 4,7,k = 1,...,n, define the indicator function

Xn,ijk(0) := 1[Nodes i, j and k form a triangle in K(n;6)].
The number of (unlabelled) triangles in K(n;#) is simply given by
T(0) == Y Xn,iji(0) (7)
(k)

where Z(i k) denotes summation over all distinct triples ijk with 1 <17 < 5 <

k < n. The event T'(n,0) that there exists at least one triangle in K(n;#) is
then characterized by

T(n,0) := [T,(0) > 0] = [T,,(0) = 0]°. (8)

The main result of the paper is a zero-one law for the existence of triangles
in random key graphs. To state the results we find it convenient to make use of

the quantity
K3  (K?\°

The zero law is given first.

Theorem 3.1 For any scaling P, K : Ng — Ny, we have the zero law

lim P[T(n,0,)] =0 (10)
under the condition
lim n37(6,) = 0. (11)

The one law given next assumes a more involved form.

Theorem 3.2 For any scaling P, K : Ny — Ny for which the limit lim,,_,+ ¢(6,,) =
q* exists, we have the one law

lim P[T(n,0,)] =1 (12)

n—oo

either if 0 < ¢* < 1 or if ¢* = 1 under the additional condition

lim n*7(6,) = oco. (13)

n—o0

Theorem 3.1 and Theorem 3.2 will be established by the method of first and
second moments, respectively [8, p. 55]. The first step in doing so is taken in
Section 5 by computing the first moment of the count variables defined at (7).
In what follows we compare the random key graph to a related Erdés-Rényi
graph [3] in terms of their behavior for the existence of triangles.



4 Comparison with Erdos-Rényi graphs

For each p in [0, 1] let G(n;p) denote the Erdés-Rényi graph on the vertex set
{1,...,n} with link assignment probability p and let T'(n;p) denote the event
that there is at least one triangle in G(n;p). As we set

™ (p) =9, (14)

the (well-known) zero-one law for the existence of a triangle in Erdos-Rényi
graphs takes the following form:

Theorem 4.1 For any scaling p : Ng — [0, 1], we have

0 if lim, .o n37*(pn) =0

lim P[T(n;p,)] = (15)

e 1 if limy, oo n37%(pn) = 0.
It has been noted in [1], [2], [13] that p,, is analogous to Iﬁ under certain
conditions as both expressions give the probability of link assignment; see Sec-
tion 6 for details. Following this, we refer to an Erdos-Rényi graph G(n;p) as

2

being matched to a random key graph K(n; ) if p,, ~ I;"

n

. In that case, we have

7(65) P,
) R o

whence
0.) 1 if limp oo 5 =0
lim T* LA (17)
n=o0 7 (pn) oo if lim, oo % = 00.

This suggests that the threshold ensuring the existence of a triangle is always
reached earlier in the evolution of a random key graph compared to the case of
an Erdos-Rényi graph matched to it.

In the context of WSNs; it is desired to select the EG scheme parameters
K, and P, such that the induced random key graph is connected. In fact,

considering the tradeoff between connectivity and security [2], it is desirable to
2

keep % as close as possible to the connectivity threshold 105 % see [1], [2] and
[13] for details. Therefore, in the case

K2 logn
Zno 5 18
. . (18)
we have 0
7 (pn)
only if
K> — (20)
" logn



Given the limited memory and computational power of the sensor nodes, such
key ring sizes are obviously mot practical. Also they will lead to high node
degrees which in turn will decrease the resiliency of the network against node
capture attacks. Indeed, the criterion to ensure security in a WSN was suggested
in [2] as selecting K,, and P, such that

K, 1
P, n

which then leads to
K, ~logn (21)

via (18). With (18) and (21) in effect, we find
7(0r) n

on) " T ogmz > (22)

Hence, for practical WSN scenarios the induced random key graph has a much
smaller threshold for triangle appearance than the matched Erdos-Rényi graph.
Therefore, transferring the well-known results for Erdés-Rényi graphs to ran-
dom key graphs by matching them with identical edge assignment probabilities
might be misleading for some graph properties. This shows that Erdos-Renyi
graphs are not adequate in modelling the EG scheme, calling instead for a direct
investigation of random key graphs in this context!

5 Computing the first moment

With positive integers K and P such that K < P, define

B(0) = (1 - q(0))* + q(6)* — q(0)r(6) (23)
where we have set
0 if P<3K
T(G) = (P—ZK) (24)
- if 3K <P.

Direct inspection shows that
r(0) < q(6)? (25)

whence

B(0) > (1 —q()* > 0. (26)

Lemma 5.1 For positive integers K and P such that K < P, we have



To help deriving (27) we introduce the events

A(0) = [K1(0) N Ko2(0) # 0] N [K1(0) N K5(0) # 0] (28)
and
B(0) = [K1(0)NK2(0) # 0] N [K1(0) N K3(6) # 0] N [K2(0) N K3(6) # 0]
A(0) N [K2(6) N K5(0) # 0]. (29)

The event A(f) captures the existence of edges between node 1 and the pair of
nodes 2 and 3, respectively, in K(n;0), while B(6) is the event where the nodes
1, 2 and 3 form a triangle in K(n; @).

Lemma 5.2 The probability of the event A(6) is given by

PA(9)] = (1 - q(6))*. (30)

In the proof of Lemma 5.2 (as well as in other proofs) we omit the explicit
dependence on # when no confusion arises from doing so.

Proof. Under the enforced independence assumptions we note that

PIA@B)] = > P[K1=85nKy#0,SNK;# 0]
|S|=K
= Y PIK; =S|P[SNK;y # 0 P[SN K3 # 0]
|S|=K
= (1-4q(0)’ (31)
as we make use of (5) with Z|S|=K]P’[K1 =5]=1 ]

In many of the forthcoming calculations we make repeated use of the fact
that for any pair of events, say F and F', we have

P[ENF]=P[E]-P[ENF9]. (32)
In particular, we can now conclude from Lemma 5.2 that
PK1(0) N EK2(0) =0, K1(0) N K3(6) # 0]

= P[K.(0) N Ka(0) # 0, K1(0) N K3(0) =0
q(0)(1 —q(9)) (33)

nd
' P [K1(0) N K3(0) = 0, K1(0) N K3(0) = 0] = q(6)*. (34)

These facts will be used in computing the probability of



Lemma 5.3 With 3(0) given at (23) we have

P[B(6)] = 5(6). (35)

Proof. Repeated use of (32) yields

P[B(#)] = P[KiNKy#0, KiNK;#0]

—PKiNKy#0, KiNKs #0, KoN Kz =0

= P[AWB)] —P[K1NKy £ 0, KyN K3 =0
+PKiNKy #0, KiNKs =0, KoN K3 = 0]

= (1—q(0)* - qO)(1 - q(0)) + P[Ky N K5 = 0, Ky N K5 = 0]
—PIKiNKy=0, KiNK3 =0, KN K3 =0

= (1-q(0)* - q(0)(1 - q(0)) + q(0)*
—PIKiNKy =0, KiNK; =0, KaN K3 =0) (36)

as we recall (30), (33) and (34).
By independence we get

PIKiNKy=0, KiNK3 =0, KN K3 = (]

P[KlmKQ :Q, (Kl UKQ)QK:}, :Q]]

- > P[K,=5,Ky=T|P[(SUT)N K3 =0
|S|=|T|=K,SNT=0

— > P[K, =S, Ky =T]-r(f)
|S|=|T|=K,SNT=0

= P [Kl N Kg = @] . 7“(0) (37)

by invoking (5) (since |S UT| = 2K under the constraints |S| = |T| = K and
SNT =0). Thus,

P[B(0)] = (1 —q(0))* — q(0)(1 — q(0)) + q(6)* — q(0)r(6),

and the desired result follows upon noting the relation

(1= a(6))* = a(O)(1 = q(6)) +a(6)* = (1 - q(6))* + q(6)°.

|
The proof of Lemma 5.1 is now straightforward: Fix n = 3,4, .... Exchange-
ability yields
n
BIT,(0)] = () onaan(0) (39)

and the desired conclusion follows as we make use of Lemma 5.3.



6 Some useful asymptotics

In this section we collect a number of asymptotic results that prove useful in
establishing some of the results derived in this paper. The first result, already
obtained in [13], will be key to our approach.

Lemma 6.1 For any scaling P, K : Ny — Ny, we have

lim ¢(6,) =1 (39)
if and only if
K7
and under either condition the asymptotic equivalence
K2
1—q(0,) ~ =2 41
0.) ~ (1)
holds.
Since 1 < K,, < K,,% for all n = 1,2, ..., the condition (40) implies
K,
lim — =0 (42)
n—oo n
and
lim P, = oo. (43)
so that for any ¢ > 0, we have
cK, <P, (44)

for all n € Ny sufficiently large (dependent on c).
The proof of Lemma 6.1 is based on the following elementary bounds, whose
proofs are available in [13],

Lemma 6.2 For positive integers K, L and P such that K + L < P, we have

(1-25) < (?;)L) <(1-5)" (49

K

These bounds also form the basis for deriving the following asymptotic equiv-
alence.

Proposition 6.3 For any scaling P, K : Ny — Ny satisfying (39)-(40), we have
the asymptotic equivalence

B(0n) ~ 7(67) (46)
provided (13) holds.



Proof. From (23), we get

B(0n) = (1= q(02))" + q(0,)° (1 - t;(f@tl)))

Under the enforced assumptions Lemma 6.1 already implies

(1 - g(6))" ~ (K)

P,
and
q(0,) ~ 1.
It is now plain that the equivalence (46) will hold if we show that
On K3
GO (47)
q(0n) P
This key technical fact is established in Appendix A. [ |

The final result of this section also relies on Lemma 6.1, and will prove useful
in establishing the one law.

Proposition 6.4 For any scaling P, K : Ny — Ny satisfying (39)-(40), we have
lim n*(1 —q(6,)) = 0o (48)

n—oo

provided the condition (13) holds.

Proof. Consider a scaling P, K : Ny — Ny satisfying (39)-(40). By Lemma
6.1 the desired conclusion (48) will be established if we show

K2
lim n? P" = 0. (49)

n—oo n

As condition (13) reads

3 K3 K2 3
lim n° | =2 + (”) = 00,
n—o00 Pg P,

we immediately get (49) by virtue of the trivial bounds

o (K2\?  [(nK2\®  (n2K2\°
n|l—=1 = <
P, P, P,

and




valid for alln =1,2,.. .. [

Proposition 6.4 will be used as follows: Pick a > 0 and b > 0, and consider
a scaling P, K : Ny — Ny satisfying (39)-(40). For each n = 2,3,..., we get

1oog00) 1 (0"
n B T (11— g(0n)”
- age)) T o)

n? (1= q(6n))

Therefore, under condition (13) Proposition 6.4 yields

1 (1—q(0)"

R AT ifa—3b+1>0 (51)

as we make use of (39)-(40).

7 Proofs of Theorem 3.1 and Theorem 3.2
7.1 A proof of Theorem 3.1

Fix n = 3,4,..., An elementary bound for N-valued rvs yields
P [T (0n) > 0] < E[T(0n)], (52)
so that
PIr(n00)] < () 306, (53)
The conclusion (10) follows if we show that
. n
lim (3)6(6)”) =0 (54)

under (11).

The condition lim,, . n37(6,) = 0 implies lim,, .o, 7(6,,) = 0 and (40)
automatically holds. By Proposition 6.3 we conclude 3(6,) ~ 7(6,), whence
n33(0,) ~ n37(6,), and condition (11) is indeed equivalent to (54) since () ~
n3

G -

7.2 A proof of Theorem 3.2

Assume first that ¢* satisfies 0 < ¢* < 1. Fix n = 3,4,... and partition the
n nodes into the k,, + 1 non-overlapping groups (1,2,3), (4,5,6), ..., (3k, +

11



1,3k, +2, 3ky, +3) with k, = | 253 ]. If K(n;6,) contains no triangle, then none
of these k,, + 1 groups of nodes forms a triangle. With this in mind we get

~ Fﬁ Nodes 3¢+ 1,3¢ +2,3( + 3 do not form

= 5 a triangle in K(n;6,)

B ﬁIP’ Nodes 3¢+ 1,3¢ + 2,3¢ + 3 do not form (55)
= 1L a triangle in K(n;6,)

= (1= 80"

< (1- (g™ (56)
< e UnH)(A-a(6:))° (57)

Note that (55) follows from the fact that the events

Nodes 3¢+ 1,3¢ + 2,3¢ + 3 do not form
a triangle in K(n;0,)

are mutually independent due to the non-overlap condition, while the inequality
(56) is justified with the help of (26). Let n go to infinity in the inequality (57).
From the constraint ¢* < 1 we conclude that lim, .. P[T(n,8,)¢] = 0 since
kn ~ % so that limp, oo (kn + 1)(1 — ¢(6,))® = co. This establishes (12).

To handle the case ¢* = 1, we use a standard bound which forms the basis
of the method of second moment [8, remark 3.1, p. 55]. Here it takes the form

E [T, (60)] B
E[T, 0,8 = n0n) >0, n=23. (58)

It is now plain that (12) will be established in the case ¢* = 1 if we show the
following result.

Proposition 7.1 For any scaling P, K : Ny — Ny satisfying (39)-(40), we have

o E[Ne)?

=1 59
n=o0 BT, (6,)]° 9

under the condition (13).

The remainder of the paper is devoted to establishing Proposition 7.1. As
will soon become apparent this is a bit quite more involved than expected.

8 Computing the second moment

A natural step towards establishing Proposition 7.1 consists in computing the
second moment of the count variables (7).

12



Proposition 8.1 For positive integers K and P such that K < P, we have

E [T.(0] =E[T.(0)] + <(25;)+3(725;)>-E[Tn<9>12 (60)

IR -

E [X7L,123(9)Xn,124(9)]
= —(1—q(0))° +2(1—q(6))* B(6)

for allm = 3,4, ... with

where we have set

¢ . (Ik() (];{il,:) . (P—2[§(+k)>2 )
2 (0) : (%) ( (&) , k=0,1,...,K. (62)

As explained in Appendix B we have the probabilistic interpretation
ce(0) =P [|K1(0) N K2 (0)| =k, (K1(0) U K2(0)) N Ki(0) =0, i =3,4]  (63)
for each £ =0,1,..., K.

Proof. Consider positive integers K and P such that K < P and fix n =
3,4,.... By exchangeability and by the binary nature of the rvs involved we
readily conclude that

E [7,(6)7]

Z Z E [Xn,ijk(e)Xn,abc(G)]

(i) (abe)
= E[T.(0)]

N (g) @ (” Ny 3)1[-3 X123 (6) X, 124 (6)]
G0

+ (g) (n ; 3>E [Xn,123(0)Xn,456 (0)] - (64)

Under the enforced independence assumptions the rvs x,,.123(6) and x»,456(6)
are independent and identically distributed. As a result,

E [Xn,123(0)Xn,456(0)] = E [Xn,123(0)] E [Xn,a56(0)] = B(6)*

13



so that

T N

3

as we make use of the relation (27).

On the other hand, we readily check that the indicator rvs xy, 123(6) and
Xn,145(0) are independent and identically distributed conditionally on Ki(0)
with

]P)[Xn’lgg,(a) = 1|K1(0) = S] = ]P [angg(e) = 1] = ,8(9), S S PK

A similar statement applies to xn,145(f) and therefore the rvs x, 123(0) and
Xn,145(0) are independent and identically distributed so that

E [Xn,lQS(G)Xn,MS(G)] =E [Xn,123(9)] E [Xn,145(9)] .

As before this last observation yields

DGy e——

bu virtue of (27).

The evaluation (61)—(62) of the moment E [x1,123(0)Xn,124(0)] is rather lengthy,
although quite straightforward; details are given in Appendix B. Reporting
(61)—(62), (65) and (66) into (64) establishes Proposition 8.1. [ ]

In preparation of the proof of Proposition 7.1 we note that Proposition 8.1
readily implies

E[T.000?] 1 ("3Y) .03
ET,0F EM0)] ( (5) o (5) o
3(n—3) Elxn123(0)xn,124(0)]

i (g) ' E [Xn,123(9)]2

for all n = 2,3,... as we make use of (38).

9 A proof of Proposition 7.1

Consider any scaling P, K : Ny — Ny satisfying (39)-(40). By Proposition 6.3
we have lim,,_,», n3(6,,) = co under the additional condition (13), whence

lim E[T},(6,)] = oo

n—oo

by virtue of (38).
As pointed out earlier the equivalent conditions (39)-(40) imply

3K, < P, (68)

14



for all n € Ny sufficiently large. On that range (67) is valid with 0 replaced by
0,,. Letting n go to infinity in the resulting expression, we note that

lim <(22;)+3(n23)>1 and ?)((S)an.

NG DT
Tt is plain that the convergence (59) will hold if we show that

1E [Xn,123(9n)Xn,124(9n)]
1m - 5
noeen E [xn,123(0n)]

=0. (69)

In order to establish (69) under the assumptions of Proposition 7.1 we pro-
ceed as follows: Recall from Lemma 5.1 that

E [Xn.123(0n)]” = B(0,)% > (1 = q(62))°, (70)
and from (61) observe that
1 Elxn23(6n)xn,124(60)]

n? (E [Xn,123(9n)])2
1 (1-g(6a)° | 2 (1—g(6n))”
n? 8(6,)? n? B(0,)
11 (ﬁ(em -(1- q<0n>>3>2
n? Q(an) 5(071)
L Xk er(6a) — a(60)’
n? ﬁ(an)Q

(71)

forall n = 3,4,....
Let n go to infinity in (71). Using (51) (once with @ = 5 and b = 2, then
with @ = 2 and b = 1), we get

(1= Q(en))5

s (S CI (72)
and )
o 2
The convergence
11 (B0~ (1 q(8))*
A S ( 3(0,) ) 0 (74)
is immediate since
B(60) — (1= q(0,))°|” _
‘ B30 <1, n=23,...

and lim,, o ¢(0,,) = 1. Consequently the proof of Proposition 7.1 will be com-
pleted if we show



Proposition 9.1 For any scaling P, K : Ng — Ny satisfying (39)-(40), we have
K
1 . Zk:o Ck(gn) _ Q(gn)4

lim —

n—oo n? B(0,,)?
under the condition (13).

=0 (75)

The proof of Proposition 9.1 will proceed in two steps:

10 A reduction step

We start with an easy bound.
Lemma 10.1 With positive integers K and P such that 2K < P, we have
c1(0) <1—q(6). (76)

Proof. Specializing (63) with k = 1 we get

a(f) = P[Ki(0)NK20)| =1, (K:1(0) U K2(0) N Ki(0) =0, i =3,4]
P[IK1(0) N K2(0)] = 1]
P[IK1(0) N K2(0)] > 1]

IAIA

and the conclusion is immediate as we identify

P{IE1(0) N K2 (0)] = 1] = P[K(0) N K1(0) # 0] = 1 — q(0).

Lemma 10.2 With positive integers K and P such that 3K < P, the mono-
tonicity property

al0) ) . exl®) -
C()(H) C1 (0) CK,1(9)
holds.
Proof. Fix k=0,...,K — 1. From the expression (62) we note that
K \( P—K \(P—2K+k+1)2
cry1(0) _ (k+1) (K—k—l)( K+ H)
= _ _ 2
x(6) () ) %)
1 K —k)? P-2K+k+1
- il Ry (78)

k+1 P-3K+k+1 P-3K+k+1
and by considering each factor in this last expression we readily conclude that

the ratio % decreases monotonically with k. [ |
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Lemma 10.3 For any scaling P, K : Ny — Ny satisfying (39)-(40), we have

C2 (9n)
C1 (Gn)

for all n € Ny sufficiently large.

<1-4q(0y) (79)

Proof.  Pick a scaling P,K : Ny — Ny satisfying (39)-(40) so that (68)
eventually holds. On that range replace 6 by 6,, in (78) with k£ = 1 according
to this scaling, yielding

(K, —1)? P, —2K,+2

1
c1(6) 2 (P,—3K,+2) P,—3K,+2 (80)

It is now plain that
. Pn C2 (en)
lim —

1
n— 00 KEL . Cl(an) N 5

by making use of the consequences (42) and (43) of the assumption (39)-(40).
From the equivalence (41) this last limiting fact can be rewritten as

Q(Gn

and the desired conclusion follows. [}

Q
~
—_

9

Combining Lemma 10.1, Lemma 10.2 and Lemma 10.3 will lead to the fol-
lowing key bounds.

Lemma 10.4 For any scaling P, K : Ny — Ny satisfying (39)-(40), we have
r(0n) < (1—q0)F, k=1,2... K, (81)

for all n € Ny sufficiently large.

Proof. Pick a scaling P, K : Ng — Ny satisfying (39)-(40). For each n =

2,3,..., we can use Lemma 10.1 and Lemma 10.2 to conclude that
) = T2 )
(=1
.
< () e
< (20N g (52)



with k£ = 1,..., K,,. The desired conclusion is now a simple consequence of
Lemma 10.3. ||

We are now in a position to take the first step towards the proof of Propo-
sition 9.1.

Proposition 10.5 For any scaling P,K : Ny — Ny satisfying (39)-(40), we
have X
1 " (0
L ) _ (83)

lim - -=2——F =

e 3(0,)2
under the condition (13).

Proof. Pick an admissible scaling P, K : Ny — Ny satisfying (39)-(40). From
Lemma 10.4 it follows that

K, Kn
Soal0n) < > (1—q(0a)"
k=5 k=5
< Y (1—q))"
k=5
5
- .

for all n € Ny sufficiently large. Letting n go to infinity in this last inequality
we readily obtain (83) as an immediate consequence of Proposition 6.4, to wit
(51) (with @ =5 and b = 2). [ |

11 The second step

It is now plain from Proposition 10.5 that the proof of Proposition 9.1 will be
completed if we show the following fact.

Proposition 11.1 For any scaling P, K : Ny — Ny satisfying (39)-(40), we

have A
1 ) Zk:() Ck(en) - Q(Gn)4
n—o00 ’n2 ﬁ(en)z

under the condition (13).

=0 (85)

Fix positive integers K and P such that 3K < P. We start by writing

18



4

> a6) - a(0)* (56)

VR KGO+ B G TR

)
PG [ IR [ G S
() ()
_ F@)
G(0)
where we have
F(6) (87)

= [P...(P-3K+1)][(P-2K)...(P—3K +1)]
+K*[P...(P—-3K+2)][(P—-2K +1)...(P—3K +2)]
K?*(K —1)?
+ [P (P=3K +3)][(P - 2K +2)...(P - 3K +3)]

KQ(K_l(f(K”)Q [P...(P—3K+4)] x

X [(P—2K +3)...(P — 3K +4)]

+ KAK - 1)2(17;4* 2A(K - 3)" [P...(P—3K +5)] x

x[(P—2K +4)...(P—3K +5)]
—[(P-K)"...(P-2K+1)"].

and

K-1

GO) =[] @-0" (88)

£=0
Next, we write F'(f) as a polynomial in P (of order 4K):
F(G) = a0(9)P4K + a1(0)P4K_1 4+ ...+ CL4K_1(9)P + a4K(0) (89)

where the coefficients depend on 6 only through K. We now compute the first
six coefficients:

Proposition 11.2 With positive integers K and P such that 3K < P, we have
a0(9) = a1(9) = a2(9) =0 (90)
and

az(f) = K* (91)
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whereas

as(0) = —6K° +6K° — K* (92)
and
1 1 199 1207 161
= —— KO K94+ K _34KT+ K4+ — K% (93
as(0) 20 Tt T2 SART+ o K7+ 5 (93)
209 24

KT+ 20K3 - K2
6 + 5

The proof of Proposition 11.2 is tedious and is given in Appendix C. For the
remaining coefficients, we rely on the bounds obtained next:

Proposition 11.3 With positive integers K and P such that 3K < P, we have

la;(0)] <2-(12K?)', i=6,7,...,4K. (94)

Proof. Pick positive integers K, P such that 3K < P. The first term in (87)
is a polynomial in P with order 4K and leading coefficient 1. Therefore, it
contributes to the all of the coefficients a;(0), ..., asx (6) in the expression (89)
and for each i = 1,2,...4K, its contribution to a;(#) can be determined by the
products of i of its roots summed over all (*¥) possible i — uple of roots. In
fact, we have

(")
ai1(0) = (*1)i Z Hﬁ,l,j , 1=1,2,... 4K
=1 j=1

where for each [ =1,... (45(), {Tl’l’j};l':l is a sequence of ¢ distinct roots of the
first term in (87) and a;1(0) stands for the contribution of that term to a;(9).
As all roots of the first term is bounded in absolute value by 3K, it is now a
simple matter to conclude that

AR .
la:1(0)] < ( Z, )(:m) -0l 4K

Similarly, with a;2(6) representing the contribution of the second term of
(87) to a;(0), we have

4K -1

la;.2(0)] <K2( i )(3K)“, i=1,2,... 4K

since the second term in (87) defines a polynomial in P with order 4K — 1.
Proceeding in a similar manner for the 3rd, 4th, 5th and the 6th terms of (87),
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we readily obtain
|ai(6)|

= |ai(0) +ai2(0) +a;3(0) + a;4(0) + a;5(0) + a;6(0)]
< aii(0)] + [ai2(0)] + laiz(0)] + [aia(0)] + |ais(0)] + [aie(0)

< (45( ) (3K)' + K? (45(__11) (BK)"'+ L(K{ D (45__22) (3K)" 2
RSt 1%2(1( —2)2 <4{(_—33> (3K
| (K - 1)2(1;47 2)2(K — 3)2 (45_44> (BK) + (4f<> (K)

< (12K?)' + K?(12K2) ! + K*(12K%)2 4 KS(12K?)" 3
+K8(12K2)i74 + (8K2)’L
< 2-(12K?)°
[ |

We now obtain a bound for F(6,,) by the help of Proposition 11.2 and Propo-
sition 11.3:

Proposition 11.4 Consider scaling P, K : Ny — Ny satisfying (39)-(40). We
have
F(0n) < K Py ? (95)

for all n € Ny sufficiently large.

Proof. Recalling (92), we find
aq(0)

whereas from (93), we get

—6K®+6K° - K*<-K°% K=1,2,..

. (96)

1 1 199 1
< _ 10, L0 8 « _ 10 9
a5(0) < — oo K10+ gK 4 5 K® <~ KO 1KY, K =12, (97)

by crude bounding arguments. Now, pick an admissible scaling P, K : Ny — Ny
satisfying (39)-(40) and replace 6 by 6, in (89) according to this scaling. It is
clear by Proposition 11.2 that (95) will follow if we show that

ag(0,) P a5 (0,) P 1t agr, 1(00)Po + aak, (0,) <0 (98)
for all n sufficiently large. With the help of (94), (96) and (97), we find
as(0,) P 4 a5 (0,) P55 + ...+ aur, —1(00) Py + asx, (01)
; K}zo + 17K2 + lag(0n)] |a4Kn(9n)|>

4K, —4 5 , _ 120
< P <_Kn+ P, P2 T T TpiK,a
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4K, —6 i
< piKa—i (g5 4 — s K20+ 17K ey (12K2)¢ 12K2
— n n Pn P,'% =0 P’n,
1 5 4 7 o0 o\ ¢
—— K>+ 17K K 19K
< KSP»,%KTL_ZL _1_"_ 120" n n +2 12 6" *n < n)
< ‘- 255 2 (5,
_LK5 + 17K4 K7 1
_ 5 pdK,, —4 1207 n n 6 n
= K P, <1+ P +2-(12) ?ﬁ@
1 K7 1
_ 5 p4K,,—5 5 4 6 n
= K°pi (Pn — g AT 42 (12)0 5 1121() (99)
" TP,

2
for all n large enough to ensure that % < 1. By virtue of (40), there exists a
positive integer n} such that

K2
1 K7 1 1 =
—— KS42.(12)°22. K| —— 42 (12— | <0
220K T2+ )Pn R BT ( )1 12K7 | =

for all n > ny. Therefore, n > n} implies that

1 K7 1
—-P,— —K’+17TK*+2.(12)% . =» . — —
120 nt nt ( ) P, ]-_lsz?L
1
< —-P,— —K>+17TK2*. 1
< -P 510 2+ 17K, (100)

Also, in view of the consequence (43) of (39)-(40), there exist a positive integer
n3 such that

P, >17- (17 - 240)* (101)
for all n > n3. Now pick n > n3 and assume that K, < 17-240. We obtain
L
240
via (101). If on the other hand K,, > 17 - 240, we have

—P,— — K>+ 17K} < —P, + 17K} < —P, +17- (17-240)* <0  (102)

1 1

—P,— — K>+ 17K} < —— K> + 17K* < 0. 103
240 n TR < 240 n AT, <0 ( )

Consequently, we have for all n > n}

1
~P, - — K>+ 17K} <0. 104
Invoking (100), we now have
L s 4 o K 1
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for all n > max{ny,n3}. This last fact readily implies (98) via (99). [ |

The proof of Proposition 11.1 can now be completed:

Proposition 11.5 For any scaling P,K : Ny — Ny satisfying (39)-(40), we
have

lim =0 (105)

n=oe n2(3(0n)? * G(0n)
under the condition (13).

Proof. Pick an admissible scaling P, K : Ny — Ny satisfying (39)-(40) and
assume that (13) holds. Invoking Proposition 11.4 and recalling (88), we find

1 F(6, I C A A
E(n) 1 . (106)
WF0,) G0, ~ n2p0,7P L\ B =7
Also, we have
Kn—1 A 4
r P, r l
(I(2)) ~T0(7) (o7
=1 =1
and an easy bounding argument yields
Koo 1\ AED)  Ka—l N4
1-— < 1-—) <1. 1
Y (S

Noting that

K, —1\*%-D 1 4K, —1)2
1- <1 - ) = / 4K, — 1)t < g,
1_Kp-1 P

Pn n
P”L
we find K o1
4K, -1)?2 "9 A%
1—-—— < 1-— ) <1 1
e () < o
=1
via (108). Now, let n go to infinity in this last expression: We have
K,—1 0\
li —— =
lim 11 (1 Pﬂ) 1 (110)
(=1
by virtue of (40) and this readily implies
Kn—1 4
n Pn
lim =1. 111
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Substituting (46) and (111) into (106), we obtain

1 KAStop K
.o n ~ n 112
n?B(0,)* P77 <Pn€> K3 K2\3 ’ ()
erg (5 + ()
K4
< s
o ()
_ 1
= w1
n2P7n
and (105) follows from the consequence (49) of (13). [ |

A A proof of Proposition 6.3 (Continued)

With positive integers K, P such that 3K < P, we write

r(0) ((P—QK)!)gl (P —2K)! P!

(P - K)! (P-3K)! (P—K)

P —2K —0)(P 1)
o (P — K — ()2

T (-(=))

Thus, an elementary bounding argument yields

2\ () 2\
<1‘<P—2K>> §;<9>2§<1‘<P—K>> |
whence e e
G e ()

Now, pick a scaling P, K : Ny — Ny satisfying the equivalent conditions (39)-

(40), and replace 6,, = (K,, P,,) by 8 = (P, K) in the last expression according
to this scaling. We find

" (1‘ (PIEK>2>K <1-JaEsis (1‘ <P—K2K>2>K

(A1)




Invoking (42), we now obtain

(Pnﬁmj _ (K” (1+ 0(1))>2 =B o) (A.2)

for each ¢ = 1,2, whence

by virtue of (40) and (42). Finally, let n go to infinity in (A.1) and use the
elementary convergence relation

(1—a)’~1—ab if ab—0

with

K., \°
a = (M) s C—1,2 and b—Kn

Noting that (A.2) also implies

K, 2 K3
Kn B 1 ~ Ja = 1a2a
(Pn - cKn> P2

n

we readily get (47) by a sandwich argument. ]

B Evaluating (61)—(62)

For notational convenience, we define
Ky = [K(6) 1 K (6) # 0.

for distinet 4,5 = 1,2, ...n. Moreover, for any non-empty subset S of {1, ..., P},
we write

In what follows we make repeated use of the decomposition (32). Beginning
with the observation

E [Xn,123(0)Xn,124(0)]
= P[Ki2, Ki3, Koz, K14, K4]
= P[Kis, Kos, K14, Koa] — P[KTy, K13, Ko, K14, Kod] . (B.3)

we shall compute each term in turn.



To compute the second term in (B.3) we condition on the sets K7 and Ko
such that K; N Ky = (. Thus,

P KTy, K13, Ka3, K14, Ko4]

= > PIKy =8, Ky =T, Kg3, K13, Ksa, K14
|S|=IT|=K,SNT=0
= > P[Ky =5, Ky = T|P[Kgss, K13, Ksa, K74

|S|=|T|=K,SNT=0

P —2
= > ( K) P [Ks3, Krs] - P[Ksa, Kr4]
|S|=|T|=K,SNT=0

= > (Ilz) - (P [K g3, Ks])?

|S|=|T|=K,SNT=0

P\ ? 2
= (K) Z (P[Ks3] — P[Kf3] + P[K§3, Ks])
|S|=|T|=K,SnT=0

) (1 — P[KSs) — PKSy] + PKSs Kig])?
|S|=|T|= KSnT 0

(i
- (& ) (1 - 24(6) +1(6))”
(

1S|=|T)= KSmT )

) ( )7 %") a2 0

= 4(6)(1— 24(6) + r(9))° (B.4)
as we note from (5) that P[Kgs;] = P[K$s] = ¢(0) for S and T in Pk with
P[K¢,, K53] = r(0) whenever SNT = 0.

We now turn to the first term in (B.3). Again, upon making repeated use

of (32) we find
P[K3, K3, K14, Ka4]
P [Kas, K14, Kos] — P [K {3, K23, K14, Ka4]
P[K14, Kos| — P[KSs, K14, Ko4) — P [K{3, K14, Kou] + P [K{3, K53, K14, Ko4]
- (1 - Q(Q))Q —2P [K§3,Kl4,K24] + P[chs’Kg:aaK%} - P[ch3»K§3va4’K24]
= (1—q(0)* — 2P[KS$s, K14, Kou] + P [K{3, K5y, Ko4]

_P[ch37K§37K1C4] +P[K(1:3aK§3aKf47K§4] (B5)

as we note that P [K$,, K14, Ka4] = P[K¥s, K14, Ka4]. Next, we find

P[K§y, K14, Koa] = Y P[Ky=8 K, K1, Ko
|S|=K
= Y P[Ki=S|P[KS;, Ks1,Kso]
|S|=K
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5 (1) et el

|S|=K
= ¥ (§) a-a0)-ao0-a0) ©9
|S|=K
= ()1 —q(0)". (B.7)

upon using (33) in (B.6).
In a similar manner, we obtain

P[ch3>K§37K24] = Z P[K2:S7K1637K§33K5'4]

|S|=K

= Y PlKy = S| PIKfy, Kby Ksal
|S|=K

= ¥ () PlKsPIKG K5
|S|=K

= 2 (f;) (1 q(6)) - q(0)* (B.8)
|S|=K

= q(0)*(1-q(6)) (B.9)

where (B.8) follows from (34).
Moreover, we also get

P[Kis, K33, K1yl = Z P[K1 =85, K§s, K33, K4
|S|=K

= Z P[Kl = S}P[Kg'gaKSSaKgﬂ]
|S|=K

- ¥ (;)_IP[K§4]-P[K§3,K53]

|S|=K
P\ ! )

- Ig_jK(K) () - 4(0)

= q(0)°. (B.10)

Finally consider the term P[K{;, KSs, K§,, K$,]: By conditioning on the
cardinality of the intersection K1 N K5, we obtain

P [chBa K§37 ch47 K204]

= Z PIKy =5, Ky =T, K3, Kpg, K§4, K7y
|S|=IT|=K

K
Z Z Z PlKy = S, Ky =T, K§3, K3, K§4, K74
|S|=K k=0 |T|=K,|TNS|=k
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YOPEi=S]Y, Y P[Ky=T]P[KSs Kis]- P[5, Kiy)

|S|=K k=0 |T|=K,|TNS|=k
- Y (1) XX -1 ERKR)
|S|=K k=0 |T|=K,|TNS|=k
B P\ E <5:><f;:i:>,<(f’af+k>>2
>l 2 (o
& <€:><’;-i:>.<<P-%?+k>>2
Xom U
= Y a0 (B.11)

as we make use of (62).
Substituting (B.4) and (B.5) (by the help of (B.7), (B.9), (B.10), and (B.11))
into (B.3), we find

E [Xn,123(9)Xn,124(9)]
= (1-4q(9)* —2¢(0)(1 —q(9))* +q(8)*(1 — ¢(8)) — a(6)®

K
—q(0) (1 = 2q(0) +7(0))* + > e (0) (B.12)
k=0

where we have used the notation (62).
As we seek to simplify this last expression, we note that

(1= q(6))* = 2¢(0)(1 — q(6))* + a()*(1 — 4(6)) — a(6)°

= (1—q(6)* (1 —2q(0)) + q(8)*(1 — q(8)) — q(6)*
= (1—q(0))* (1 —2¢(0) +q(6)*) — q(6)*(1 — q(6))*
+q(0)*(1 - q(0)) — q(6)°
= (1—q(0)" +q(0)* ((1—q(8) — (1 —q(6))?) — q(6)*
= (1—q(0)* +q(0)*(1—q(0)) (1 - (1 —q(6))) — q(6)?
= (1—q(0)* +q(6)°(1 —q(8)) — q(6)°
= (1—q(0)* —q(0)". (B.13)

Next, we observe that

q(0) (1 - 24(6) +r(9))*
= q(0)(1-2¢

0)
= 40) (1= 9(6) - (a(®)* - 1))
= 4(0) (1 —q(0)



= q(0) (1 - q(0))" —2q¢(0) (1 — q(0))* (q(6)* — r(0))

+q(0) (a(6)* = (9))" -

Subtracting (B.14) from (B.13) gives

(1—q(0)* — q(6)" — q(6) (1 —2q(6) + r(6))*

(B.14)

= (1—q(0)" = q(0)" — q(0) (1 — q(0))" +2q(6) (1 — ¢(6))* (a(6)* — r(0))
—a(6) (4(0)* ~r(9))°
(1—q(0)* (1 - q(6)) — a(0)* +24(0) (1 — q(9))” (¢(8)” — r(0))
—a(0) ((6) ~ r(9))”
= (1—q(6))° —q(6)" +24(6) (1 — q(6))” (a(6)* — (6))
—a(6) (a(0)* = r(0))" (B.15)
Reporting the outcome of this last calculation into (B.12) we then get
E [Xn,123(0)xn,124(0)]
= (1—q(6))° +24(6) (1 - q(9)) (4(8)* = r(9))
K
—q(8) (¢(9)* > o (B.16)
k=0

and the conclusion (61) follows as we make use of the expression (23) for 5(9).

C A proof of Proposition 11.2

Pick positive integers K and P such that 3K < P. First we note that in (87)
the first and last terms are of order 4K whereas the second, third, fourth, and
the fifth terms are of order 4K — 1, 4K — 2, 4K — 3 and 4K — 4, respectively.
Therefore ag(0) is determined only by the first and last terms and it is immediate
that ag(0) = 0. First, second and the last terms in (87) determines a4 (6) and a
careful inspection gives

3K—-1 3K—-1 4 2K—1
<Z ity >+K2<<1)Zi>0. (C.17)
1=2K =K

The third coefficient az(f) depends only on the first three terms and the last
term of (87). Again, it is straightforward to check that

ax(6) (C.18)

=1 gJ=i+l i=2K j=i+1 1 =2K i=1
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_K2<3§:22+ 3§:2 ) 2(K — 1)?
2

i=2K—1

2 2K—-2 2K-1 2K—1
0 Z )2
i=K j=i+1 i=K

= 0.
We now compute the fourth coefficient a3(f) and start by noting that it
depends on all but the fifth term in (87). Straightforward computation gives
(C.19)

az(0)
3K—-3 3K—-2 3K-1 3K—-3 3K-2 3K-1

DR IADIELD LD DRD I

= 1=v+1 j=i+41 v=2K i=v+1 j=i+1

3K—-1 3K-2 3K-1 3K—-1 3K-2 3K-1

O IEDIRED SLDIED DY

1=2K j=i+1 1=2K i=1 j=i+1

3K—-3 3K-2 3K—-3 3K—-2 3K—2 3K—-2
.S RN EEY 12j+< > z)(Zz)
A 1=1

i=1 =i+l i=2K—1 j=i+l i=2K—1

T
(11)3 2K_Zs 122: ]2211]+(>( )iiZKle (iljz;i_j)
o
i—K
= K*

It is clear that a4(f) and a5(0) depends on all of the terms in (87). For a4(8),

we proceed in a similar manner to get !
(C.20)

as(0)
3K—4 3K-3 3K—2 3K-1 3K—4 3K-3 3K—-2 3K-1

IIEDIEDIEDIEED IS DRI DD D
=1 wv=Il4+1 i=v+1 j=i+l 1=2K wv=l+1 i=v+1 j=i+l
3K—3 3K-2 3K-1 3K—1 3K-3 3K-2 3K-1

S OLE OB OED SR MR WD D OF

v=2K i=v+1 j=i+1 1=2K v=1 i=v+1 j=i+1

!Evaluating the expression (C.20) (as well as (C.21) given next) by hand is quite cum-
To avoid this, one can make use of a computer software (such as Mathematica,

bersome.
MATLAB, etc.) that can perform calculations symbolically.

30



. (3K22i sil j) <3Kzzi 3§1 j) e 3§4v 3§3 i 3§2j

=1 g=i+l 1=2K j=i+1 v=1 i=v+1 j=i+1

K2(3§:4 3i33i2j+3§:2 3K23 3&2)

v=2K—-1 i=v+1 j=i+1 1=2K—-1 j=i+1
3K—-2 3K—-3 3K-2 23K 4 3K-3
2
LD WD T D D O
i=2K—1 i=1 j=i+1 =1 j=i+l

(e

1=2K—-2 j=i+l 1=2K -2 J=1

1=2K -3

4 2K—-4 2K-3 2K—-2 2K-1

K?*(K —1)*(K — K-3 4 ) .
L K ><24>< ><1>-ZlZvZZZa
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Finally, a5(6) is given by
as (09) (C.21)

3K—-5 3K—4 3K-3 3K—-2 3K-1
= - Z IEDIDIED DY
u=1 l=u+1 v=l+1 i=v+1 j=i+l
3K—-5 3K—4 3K-3 3K—2 3K-1
IO DIEDI
u=2K I=u+1 wv=Il+1 i=v+1 j=i+1
3K—1 3K—4 3K-3 3K—2 3K-1
I DIEDIE DI
1=1 1=2K v=Il+1 i=v+1 j=i+1
3K—-1 3K—4 3K-3 3K—-2 3K-1
I ADIED DI
1=2K =1 v=Il+1 i=v+1l j=i+1
3K-3 3K-2 3K-1 3K—2 3K-1
(z S5 ) (z 55 j)

=1 i=v+1 j=i+1 i=2K j=i+1
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4
2
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