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DE-PREFERENTIAL ATTACHMENT RANDOM GRAPHS

ANTAR BANDYOPADHYAY AND SUBHABRATA SEN

ABSTRACT. In this work we consider a growing random graph sequence
where a new vertex is less likely to join to an existing vertex with high
degree and more likely to join to a vertex with low degree. In contrast
to the well studied preferential attachment random graphs [4], we call
such a sequence a de-preferential attachment random graph model. We
consider two types of models, namely, inverse de-preferential, where the
attachment probabilities are inversely proportional to the degree and
linear de-preferential, where the attachment probabilities are propor-
tional to c—degree, where ¢ > 0 is a constant. For the case when each
new vertex comes with exactly one half-edge we show that the degree of
a fixed vertex is asymptotically of the order \/logn for the inverse de-
preferential case and of the order logn for the linear case. These show
that compared to preferential attachment, the degree of a fixed vertex
grows to infinity at a much slower rate for these models. We also show
that in both cases limiting degree distributions have exponential tails.
In fact we show that for the inverse de-preferential model the tail of the
limiting degree distribution is faster than exponential while that for the
linear de-preferential model is exactly the Geometric (%) distribution.
For the case when each new vertex comes with m > 1 half-edges, we
show that similar asymptotic results hold for fixed vertex degree in both
inverse and linear de-preferential models. Our proofs make use of the
martingale approach as well as embedding to certain continuous time
age dependent branching processes.

1. INTRODUCTION

Networks are ubiquitous in our surroundings. Complex biological net-
works such as protein-interaction networks, social networks, and electronic
networks (such as the HTTP network of the WWW) form the very basis of
modern human existence. Across disciplines, many scientists have attempted
to study the properties of these complex structures. With increased com-
putational power, it has become possible to study large real-life networks.
These empirical studies have observed some distinctive properties (such as
“scale-free” structure and “small-world” property) which are exhibited by a
number of complex networks.

Random graph models have been put forward to explain specific prop-
erties observed in complex networks. We will be specifically interested in
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the distribution of vertex degrees in large networks. Empirical studies have
reported that many complex networks have degree distributions which are
“scale-free”, that is, the tail of the degree distribution decays roughly like a
power-law.

The most classical model for a random graph is the Erdds- Rényi random
graph [6]. However, asymptotically, the tail of the vertex degree distribution
in an Erdés- Rényi random graph decays exponentially. Thus these random
graphs are not suitable models for real-life complex networks. This has
necessitated the development of other models which would exhibit these
unique properties observed in real networks.

Preferential attachment random graphs, such as the Albert-Barabasi Model
[4], have emerged as a popular choice for modeling complex networks. In
this class of models, one starts with a simple initial configuration of vertices
(e.g. two vertices joined by an edge) and adds a new vertex at each step. In
the simplest case, an existing vertex is chosen with probability proportional
to some weight w : N — R of the degree of the vertex, and the new vertex
is joined by an edge to the sampled vertex. The function w is taken to be
an increasing function — high degree vertices are therefore more likely to
be attached to the new vertex. This leads to the term “preferential attach-
ment”. If w is taken to be linear, the degree distribution of the resulting
random graph actually exhibits the “scale-free” property (see e.g. [13]).

In a general version of the preferential attachment model, one similarly
starts with a simple configuration of vertices and adds a vertex at each step.
However, in this case, the new vertex is attached to a fixed number m of
existing vertices. Often, it will be convenient to imagine that the new ver-
tex has m- half edges attached to it, and these half-edges are attached to
existing vertices. Numerous alternative models have been suggested in the
literature for choosing m vertices. For example, the vertices may be cho-
sen in an independent and identically distributed manner with probabilities
proportional to a function of their degrees, or the m half edges attached to
the new vertex may be sequentially joined to existing vertices (sampled with
probabilities proportional to a function of their degrees) and the degrees of
the vertices might be updated during the intermediate steps.

Here we explore the opposite phenomenon. We start with a simple config-
uration of vertices and add a new vertex at each step. We study two random
graph models where vertices with high degrees are less likely to be attached
to the new vertex. These random graphs will be called “De-preferential
Attachment” random graphs. Having initiated the study independently,
we later discovered that such models have been discussed in Physics litera-
ture earlier as models for food webs [10, [II]. It is interesting to note that
these papers contain non-rigorous study of the model which leads to the
same conclusions. However, it must also be stated that the papers include
more results than what we have been able to derive rigorously. It is per-
haps worthwhile to continue the study to establish all the results which the
physicists have derived using their non-rigorous arguments. Similar models
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have also been studied mainly through simulations in Computer Science lit-
erature for modeling “peer-to-peer” networks [§]. In the context of certain
other type of random reinforced models, such as, urn models, the concept of
“De-preferential” selection has been studied in the recent literature [3], [7].

We will be specifically interested in the evolution of the degree of a fixed
vertex and the asymtotic degree distribution of these two random graph
models. Our results for one of the models will be critically dependent on
the embedding of the discrete time random graph process into a sequence
of continuous time pure birth processes.

1.1. Model. The two de-preferential attachment random graph models will
be denoted by “linear de-preferential attachment model” and “inverse de-
preferential attachment model”. For both models, we start with a simple
configuration of vertices and add a single new vertex at each step. Initially,
we allow the new vertex to join to one of the existing vertices. Later, we
generalize both models and allow the new vertex to join to m(> 1) existing
vertices. It is worth noting that if m > 1 then it is possible to get loops
at a single vertex or multiple edges between two vertices. As in the case
of preferential attachment random graphs, numerous alternatives may be
suggested for choosing the m vertices which are joined to the new vertex.

In both the models, each of the m-half edges of a vertex is attached to one
of the existing vertices. The attachment is carried out sequentially and the
degrees of the existing vertices are updated during the intermediate steps.
We will see that this choice allows us to couple the inverse de-preferential
attachment model naturally with a continuous time age-dependent branch-
ing process for m = 1 case and with a sequence of pure birth processes for
m > 1. This coupling will play a critical role in the analysis of the inverse
de-preferential attachment model.

Initially, our starting configuration is a “hanging” tree consisting of two
vertices joined by an edge and a “free” edge linked to one of the vertices.
We add vertices sequentially and attach the new vertices randomly to the
existing vertices to form a sequence of growing graphs. Later, we generalize
the models to include the m > 1 scenario. In this case, our starting config-
uration is a graph consisting of two vertices joined by m edges and m free
edges linked to one of the vertices.

1.2. Notation. We introduce some notation that will be used throughout
this paper. We denote the random graph process by {G,}°2,. The graph
G, has vertices V(G,,) = {v1, -+ ,v,}. At time (n + 1), we introduce the
vertex vp41 with half edges epq11, -+, €nt1,m- Also, let di(n + 1,k), k =
0,---,m — 1, denote the degree of the vertex v;, © = 1,--- ,n, after k half-
edges of v, 41 have been attached to the graph. Here degree refers to both the
in and out-degree of a vertex. We will use {#,,:n>2,k=0,--- ,m—1}
to denote the natural filtration associated with the random graph process.
Finally, let d;(n + 1,0) = d;(n). For m = 1, the natural filtration will be
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simply denoted by {.%, : n > 2} and the half edge of vertex v,4+1 will be
denoted by e,41.
Finally, let Ng(n) denote the number of vertices of degree k in G,,.

Pi(n) = NkT(n) denotes the empirical proportion of vertices of degree k in
Gh.

1.2.1. Linear De-preferential. For m = 1,

P(ent1 = {vnt1,vi}[Fn) o (1 B szi@) )
d

1 i\
= Pleny1 = {vnt1, v} Fn) = n—1 (1 B 2n(—)1>

Form>1,j=1,--- ,n,and k=0,1,--- ,m —1,

P(ent1k+1 = {vj, vns1 H Fpi k) = n—1 <1 ok i (2n — 1)m>
1.2.2. Inverse De-preferential. For m =1,
P(ent1 = {vn+1,vi}[Fn) di(n)
1
- P(en-‘rl = {Un-i-l:vi}‘yn) - Cndz(n)
]
-1 _ _
where C;;' = D), = ; 4,(n)’
Form>1,j=1,--- ,n, k=0,---,m—1,
1
P<6n+1,k+1 = {Uj,?)n+1}‘yn+1,k) x m
1
— Ple = {vj, vn+1}|Z = Cnprk 7773
(nrnan = 0t Fain) = Cons ot

n
1
-1
where Cyily = Dusik = D oy
i=1 ’

1.3. Outline. The rest of the paper is organized as follows. In Section [2] we
state our main results for both the linear and inverse de-preferential models,
while the proofs are presented in Sections [3| and {4 respectively.

2. MAIN RESULTS

In this Section we state the main results for the two random graph models.
For both models, we start with the results for m = 1 case and then we will
state the results for the m > 1 case.

2.1. Linear De-preferential.
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2.1.1. m =1 Case. We now state the results for the m = 1 case.

Theorem 2.1. Let (G,),, be a sequence of random graphs following a
linear de-preferential attachment model with m = 1. Then as n — oo,

d.
din) Py (2.1)
logn
Thus the degree of a fixed vertex grows like logn. In Athreya et. al.([2]),
similar rates have been derived for linear preferential attachment and sub-
linear preferential attachment models when w(k) = kP, < p < 1. In com-
parison, the degree of a fixed vertex grows like O(y/n) in linear preferential
attachment, and like O((logn)?), where ¢ = ﬁ when w(k) = kP, <p < 1.
Hence, the degree of a fixed vertex grows at a slower rate in comparison to
linear and this class of sub-linear preferential attachment models.

We also have a central limit theorem for this model.
Theorem 2.2. Let (G,),; be a sequence of random graphs following a
linear de-preferential attachment model with m = 1. Then as n — oo,
di(n) —logn 4
——— — N(0,1). 2.2
o 0.1) (22)
The next theorem gives the limit of the empirical distribution of vertex
degrees.

Theorem 2.3. Let (Gy),., be a sequence of random graphs following a
linear de-preferential attachment model with m = 1. Let

Pe(n) = % SO 1 (di(n) = k), (2.3)
=1

be the fraction of vertices with degree k. Then 3 C1; > 0, such that, as
n — 00

logn logn
P max’Pk(n)—pk’ >C'1< 5% 4 S >
k n n

where pp, = 2%, k>1.

We note that the limit {py};2, decays exponentially. It is interesting to
note that Rényi had identified the same limit for the empirical degree distri-
bution of a random graph process where new vertices are added sequentially
and attached uniformly to one of the existing vertices. We interpret this
as follows: asymptotically, the degrees d;(n) are negligible in comparison to
2(n — 1) and therefore, asymptotically, every vertex is attached “approxi-
mately” uniformly to one of the existing vertices. In this sense, the linear
de-preferential attachment model represents a weak form of de-preferential
attachment. We will see that the inverse de-preferential attachment model
represents a stronger form of de-preferential attachment.

Finally, we have the asymptotic size biased distribution.
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Theorem 2.4. Let (G,),., be a sequence of random graphs following a
linear de-preferential attachment model with m = 1. Let v < n be a fized
verter and k > 1. Then as n — 0o,

P (ens1 = {vns1, v}, do(n) = k) — 271,6 (2.5)

2.1.2. m > 1 Case. We now state the generalizations of the above results
for m > 1.

Theorem 2.5. Let (Gy),., be a sequence of random graphs following a
linear de-preferential attachment model with m > 1 and d;(n) be the degree
of a fized vertex i > 1. Then as n — o0,

in)_p,)
mlogn

The next result collects the CLT for the m > 1 case.

(2.6)

Theorem 2.6. Let (G,),., be a sequence of random graphs following a
linear de-preferential attachment model with m > 1. Then as n — oo,

di(n) —mlogn 4
- > %
vmlogn
Remark: Unfortunately, we have been unable to derive an analogue of
Theorem for m > 1. Needless to say that we expect the empirical
degree distribution to converge just like in the m = 1 case, but have been

unsuccessful in conjecturing the form of the limiting degree distribution; this
has been the main barrier in establishing such a result.

N(0,1). (2.7)

2.2. Inverse De-preferential.

2.2.1. m =1 Case. We have the following results for the m = 1 case. Let
A* > 0 satisfy the equation

ST =t (23)

n=11i=1

Theorem 2.7. Let (Gy),., be a sequence of random graphs following a
inverse de-preferential attachment model with m = 1. Then as n — oo,
dz(n) 2
—1\/— a.s. 2.9
Vlogn A* (2:9)
Our next results identify the limit of the empirical degree distribution
and its properties.

Theorem 2.8. Let (G,),., be a sequence of random graphs following a
inverse de-preferential attachment model with m = 1. Let

Pe(n) = =31 (ds(n) = ), (2.10)
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be the fraction of vertices with degree k. Then Vk > 1, as n — oo,

|
P 5. 9.11
’“(”)_)kx*ﬂgwﬂ a5 (2.11)

The proof of this result will critically exploit the embedding of this discrete
time random graph process into a continuous time age dependent branching
process where each vertex reproduces according to i.i.d copies of a particular
pure birth process. A* is actually the Malthusian Parameter of this pure
birth process.

Corollary 2.9. The limiting empirical degree distribution of a sequence
of random graphs following the inverse de-preferential attachment model
with m = 1 has mean 2, mode 1 and its tail decays at a rate faster than
exponential.

Finally, in this case, we also have the asymptotic size biased distribution
for the de-preferential attachment model.

Theorem 2.10. Let (Gy,),2, be a sequence of random graphs following the
inverse de-preferential attachment model with m = 1. Let v < n be a fized
vertex and k > 1. Then as n — oo,

k
1
=1

2.2.2. m > 1 Case. We only have the following result for the m > 1 case in
the inverse de-preferential model.

Theorem 2.11. Let (Gy,),2, be a sequence of random graphs following the
inverse de-preferential attachment model with m > 1. Then 3 constants
0 <c<C, such that, as n — oo

d.
P <c < ﬂ < C> — 1. (2.13)
mn/logn
This last result is unsatisfactory, as it only states that asymptotically for
every fixed vertex ¢ > 1 the sequence of random variables

(o).

remains tight. We believe that they must be converging at least in proba-
bility (and equivalently weakly) to a limiting constant.

3. PROOFS FOR THE LINEAR DE-PREFERENTIAL MODELS

This section includes the proofs of the main results for the linear de-
preferential case. We rely on martingale techniques to derive our results.

We start by presenting the proofs for Theorem and Theorem
Theorem and Theorem [2.2] follow by putting m = 1.
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3.1. Proof of Theorem We derive a recursive relation for E[d;(n)].

Eldi(n+1)] = Eldi(n+1,m —1)] + 1 <1_ (E[di(n+17m—1)] >

n—1 m—1)+m(2n —1)
- (1_ nil(m—1)+1m(2n—1)> Eldi(n+1,m —1)
* nil
= a,Eld;(n,m)] + nﬂ_n 1
where X
T 1
R (- =mge =)
and

m—1 m-—1 1
fn=1+ Hk<1—<n_1><j+m<2n—1>>>

. Let a, = E[d;(n)],n > i, a; = m w.p. 1. We define, for n > i+ 1
n—1
Tn = H 293
k=i

We define ; = 1. Therefore, we have the recursion,

an41 aj + 577,

Tn+1 Tn (n =1

= Cp+1 = Cp + (n_ﬁq)’y
n
where ¢, = :—Z, n > i. Therefore, we have,
=T T ok D
We note that 3, T m as n — oo and that
m—1 oo 1
- 1—
nn HOH< FoDGET))

hn
logn

as n — 0o. We observe

asn—)oo.Lethnzl—kﬁ—k---—k%.Thenwehave —1asn— oo.

Using these results, we can prove that = — mr"!

that this implies m‘fg‘gn — 1lasn— .

Next we consider the variance. We will establish that for any j > 1 and
k=0---,m-—1,

1

Var(dj(n + 1,k + 1)] < Var(d;(n + 1, k)] + ——
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First we observe that

1
(n—1)(k+m(2n —1))

Bl (1, 1)) ] = 1 o+

n—1’
and hence we get

1
(n—1)(k+2m(n—1

2
Var[E[d; (n+1, k-+1)| Zs1.4]] = [1 - ))] Var(d; (n+1, k)].

Also, we have,
Var[d;(n+ 1,k +1)|Z 114 = Varld;j(n + 1,k + 1) — dj(n + 1, k)|Fpi1.k]
B 1 1_ dj(n—i—l,k:) 1 1 1_ dj(n—i-l,k)
n—1 kE+m(2n —1) n—1 k+m(2n —1)
1
n—1

Combining, we get,

Var[dj(n+1,k+1)] = Var[E[d;j(n+ 1,k + 1)|Fp11.4]]
+ B[Var[dj(n + 1,k + 1) Zp1.4]

1
< Var[dj(n + 1,k)] + ——
n—1
Using this relation repetitively, we get,
1

Var[d;(n +1)] < Var[dj(n+1,m —1)] + —

IN

m

< Var[d,

< Varfd;(n)] + "~
Therefore, Var(d;(n)) < Cplogn for some fixed constant Cp. Let ¢ < 1.

For n sufficiently large, E[d;(n)] > emlog(n). We fix 6 > 0. Therefore, by

Chebyshev inequality, for n sufficiently large,

P\ By 1'>5] = R (Bl (n)])?
Cologn

~ 52{c(mlogn)}?
Co 1

= 522m? logn
—0
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This establishes that Eg[léf?i)}gl as n — oo. Combining this with the

information that w — 1 as n — 00, we get that the degree of a fixed
gn

vertex scales like m logn.

3.2. Proof of Theorem 2.6l The Central Limit Theorem will be derived
by an application of the Martingale Central Limit Theorem. We need to
define a “linear” sequence of random variables from the doubly indexed

sequence {d;(n,k)} to apply the Central Limit Theorem. To this end, we
define,

Z(—1ym+j = di(i + k, j)

Also, if {#, 1} denotes the natural filtration of the random graph process,
then we define

9(n7i71)m+k = ‘0}\71,,]{

We note that for 0 < k < (n —i)m, Zx = d;(i + p,q), where p = {%J +1
and ¢ = k (mod m).

It may be easily observed that P(Zy—Z;_1 = 1|jk_1) = =1-P(Zx—
Zk—l = O|j]€_1) where

o= |1~ 2t
i+ |51 -1 (k=1) (mod m)+m(2i+2|51] — 1)

We define the triangular array {Y,,,:k=1,---,(n —i)m},

_ Ik — Zy—1 — E[Z) - Zyy—1|F 1]

Y,
nh vmlogn
We define 02, = E[Y,2 | 1] = s Ge (1 = Cr)
(n—i)m
Hence we have, Z 02, = I, — I where
k=1

1 (n—i)m
L = Z Ck

mlogn

k=1
1 (n—i)m
— 2
2= mlogn Z G

k=1
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Now, it follows that Ig£>0 as n — oo.

I =1 — Lo
(n—i)m I
1 1

I = Sl

mlogn =it L%J -1
o 1 (nim Zi 1
12 mlogn (i L@J_ _ ; k=1 _

=1 e D)((k—1) (mod m)+m(2i+ 2|~ 1))

i1 > 1 asn — oo. We will show that I12—P>O. This will establish that
(n—i)m
Z aikgl as n — oo. We have seen in the proof of Theorem [2.5| that
k=1

%(;7)1} — lasn — oo. Also, Z =d;(i +1+ L%J,k (mod m)) < d;(i +
1+ {%J) We fix € > 0. Then 3N > i such that Yn > N, %g < (1+e).
Therefore,
(n—i)m [
1 E\Z_
Elhe] = — > |- k1 e =
miogn G |G+ |52 = 1)((k—1) (mod m)+m(2i+ 2{%J -1))
c 1 (”ilm E[Z1]
mlogn =G [ B2 - 1m(2i + 2| L] - 1))
oo B | ]
< 1 ) [ J
mlogn = | G |5t - Dom(2i +2| 55 - 1))
1 "il Eld;(i +j +1)]
~ mlogn = (i+5—1)(2+2j—1)
1 Nf Bld;(i +j — 1)] 1 ”‘fl (1+¢)log(i +j — 1)
~ mlogn (t+j—-1)(20+25—1) logn (i+7—1)(2i+25 —1)

j=0 j=N+2

—0

An application of Markov inequality will establish that I19 2o. Next, we note
that Y| < \/#gn. Hence using the Martingale Central Limit Theorem,

we have,

n
S Y -5 N(O,1) (3.1)
k=i+1
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Finally, we observe that E[Z) — Zk_1|ﬂ~’k_1] = (x. Hence, using similar
arguments as above, we may conclude that

(nim E[Zy — Zx—1|Fr-1] — mlogn p

—0. 3.2
pt vmlogn (3:2)
Combining (3.1)) and (3.2) completes the proof.

3.3. Proof of Theorem We begin by observing a few important facts
about the frequencies of degrees for the m = 1 case.

Proposition 3.1. Let (G,),—; be a sequence of random graphs following a
linear de-preferential attachment model with m = 1. Let

Ni(n) =Y _1(di(n) =k), (3.3)
=1
be the number of vertices with degree k. Then 3C > 0, such that, asn — oco.

P(sup |Ny(n) — E[Ny(n)]| > Cy/nlogn) — 0. (3.4)
k
Proof. We first observe that Ni(n) =0 if k > n.
P(St;p [Ni(n) = E[Ng(n)]| = Cv/nlogn)

= P(max [Ny(n) — E[Nk(n)]| > C+/nlogn)

<Y P(INg(n) — E[Nk(n)]| > C+/nlogn)
k=1

We will prove that uniformly in k£ < n,

P(|Ny(n) — E[Ng(n)]| > C/nlogn) = o(n™").
Forl=1.2,---,n, we define M; = E[Ny(n)|.#]. {M;}}_, is a martingale.
M; = E[Ni(n)|#1] = E[Ni(n)] as % is the trivial sigma field. Also,
M,, = Ni(n). Therefore, M,, — My = Ni(n) — E[Nk(n)]. As the degree of
at most 2 vertices is affected due to the addition of the I* vertex, we have
|M; — M;_1| < 2. Then, by the Azuma-Hoeffding inequality,
a2
P(INi(n) = EINk(n)]] 2 a) < 2exp | -~

Taking a = Cv/nlogn for any C > 2v/2, we have,

P(IN(n) — EINp(n)]| = Cy/nlogn) < 2exp

=o(n™1)

8

C? logn]



DE-PREFERENTIAL ATTACHMENT RANDOM GRAPHS 13

This completes the proof of this proposition. ([

Our next proposition identifies the limit of the empirical degree distribu-
tion.

Proposition 3.2. In the setup of the previous result, that is, Proposi-
tion[3.1], 3 a constant Cy such that Vn > 2 and all k € N,

|E[Nk(n)] — pen| < Cilogn
where p, = (3)*, k> 1.
Proof. We first note that p is the unique solution of the recurrence relation

2pk = pr—1 + Lg=1)

where we define pg = 0.
Recall, Ni(n) denotes that number of vertices with degree exactly k in
the graph G,,, thus,

+1 if k=1lor

k > 1 and (n + 1)-th vertex joins to a (k — 1) degree vertex
—1 if (n+ 1)-th vertex joins to a k degree vertex

otherwise.

NK(nJrl)ka(n) =
(3.5)
Thus,
E[Nr(n+1) — Ni(n)|-Z,)

1 k-1 1 k
- (1_2n—1>N’“(")_n—1 (1_2n—1>N’“(")+1(’“=1>

We define €x(n) = E[Ng(n)] — npy. We wish to prove that mgx|ek(n)\ <
C1 logn for some fixed constant C; > 0. We first note that

E[Ng(n +1)]

- (1 = i : (1 - an_ 1)) E[Ng(n)] + ﬁ <1 — 2];__11> E[Ng—1(n)] + 1(e=1)
Also,

(n+ 1)pr = npr + Pk
1

1
= npr + 5Pk-1+ 51(1<;:1)

B 1 k NPg—1 k—1
_<1 n—l(l 2n—1>>npk+n—1<l 2n—1>
NPk k 1 n k—1 1
1- - - 1- R A
+n—1( 2n—1>+<2 n—1< 2n—1))pk1+2(k_1)




14 ANTAR BANDYOPADHYAY AND SUBHABRATA SEN

Combining, we get,

ex(n+1) = (1— nil <1— an1>> ex(n) + nil <1_ 2’;—11) ek—1(n)

1
+5le=1) — V()

where y(n) = 22 (1 - 2nk_1> + (5 - (1 - 2’;_11)) pi—1. We will now
use induction on n to complete the proof.

We start with the base case n = 2. In this case, Ni(2) = 0 for k > 2.

Now, |N1(2) — 2p1| = 0 and |N2(2) — 2ps| = 3. Therefore, mgx\ek@)] <

C1log2 holds whenever C > @. So the proposition holds for the base
case. We will now assume that the proposition is true for n and extend the
proposition to n 4+ 1. So we assume that we have found a C; > 0 such that
max lex(n)| < C1logn. We first extend the proposition for £ = 1. We have,

q(n+1)=<1—ni1(1
:<1_ni1<1

and thus we get

1

m-1) )Wt s on Ty P aa o
1))+ gt ()

1 1 n
o — 1)) S0 Ry e s T P T

< ler(n)| + 2(n— 1) + 2(n —1)(2n — 1)

Cy
< | — < | 1).
<C Ogn+n+1 < Crlog(n+1)

The inequalities are true whenever C7 has been chosen so that

1 n

2(71—1) + 2(n—1)(2n—1) fOl“ all n Z 2

suffices, as -&1 1

n+1
We observe that choosing C; >

n C1 3n—1 2

s
2

n+l " 2(n—1)
2(n—2)

2(n—1)(2n—1)

— 2
T n+l 2(n—-1)(2n-1) > (n+1) ~ 2n—1

i@ > 0. We have also used that log(n+1) > log n—l—%ﬂ. This follows

from the observation that

log(n+1) = / —dy

n+11
1 Yy
n 1 n+11
:/ dy+/ —dy
1Y n )
1
>logn+ ——

n—+1
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This extends the proposition for k = 1. We now consider the case where
k> 1. We first look at the function ~;(n). We have,

was k 1 n k-1
- 1 - 1- _
()l ’n—1< 2n—1) + <2 n—l( 2n—1>>pk 2

= | 2Pk (m+Vpr—1 , nk—Dpp—1 nkpy |
n—1 2(n—1) (n—1)2n—-1) (n—-1)2n-1)
= | Pk (m+Dpe . nlk—Dpp—1 nkpy |
n—1 (n—1) (n—1)2n—-1) (n—-1)2n-1)
Pk n
1 n
A
<
“n+1

The last inequality follows from the observation that |[{(k — 1)pg_1 —
kpr}| = |kpk — pr—1| < 2. Now, we have,

ler(n +1)]

_(l_nil(1_%ﬁ4))hﬁm+nil(1—;;j)ekumwﬁwmn

1 k 1 E—1 A
< _ _ I _ I
_(1 n—l(l 2n_1>>6’1logn—i-n_1<1 2n_1)Cllogn+n+1

1 A
<l 1 =
s Gilogn + gy, Ty Crleen 00

Cq
<l
<Cy 0gn+n+1

The inequalities hold as long as (' is chosen large enough so that nC—Jrll >
1 )C’l log n+-2+ for all n > 2. This holds as long as C; > W

(n—1)(2n—1 n+1 _
(n—1)(2n—1)

for all n > 2.

So, we select the constant C; such that it satisfies the requirements outlined

above. This completes the proof by induction. O

We assume, without loss of generality, that C; in Proposition [3.2] is
chosen to be larger than C' in Proposition 3.1} We have established that

P(ml?x\Nk(n) — E[Ng(n)]] > C1y/nlogn) = o(1). Also, ml?x\E[Nk(n)] —
pin|'< C1logn.
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P(mkax |Nk(n) — npg| > Ci(logn + \/nlogn) <
P(mas |Ny(n) — EIN(n)] > C1y/mlogn) = of1)

This implies that

=o(1).

1 1
P | max|Pg(n) — px| > C4 ( 8, ogn)
k n n

This completes the proof.

3.3.1. Proof of Theorem[2.]} We have, by Theorem

Plenst = {ns1,0} dy(n) = H.Fy) = N(n)— ! 1 (1 k )

We note that the sequence Ny (n)-1; (1 - Tk—l
and hence uniformly integrable. Therefore, by taking expectations, we have,

> is uniformly bounded by 2

P(ens1 = {vn41,0},do(n) = k) — ()k

4. PROOFS FOR THE INVERSE DE-PREFERENTIAL MODELS

In this section we provide proofs of the main results for the inverse de-
preferential case.

4.1. Embedding. We begin by providing two very natural yet important
embeddings for the inverse de-preferential models, which are namely, Crump-
Mode-Jagers(CM.J) branching process to be used for the m = 1 case and a
sequence of pure birth processes to be used for the m > 1 case. Such natural
couplings will allow us to analyze various properties of the random graph se-
quence. The approach for the m = 1 case will follow the analysis by Rudas,
T6th and Valko([9]).

4.1.1. CMJ Branching Process. G denotes the space of finite rooted trees.
If 7 € G and z is a vertex of .7, then we define (7)), as the sub-tree
consisting of the the descendants of .

We start with a graph consisting of a vertex with a half edge. Fach vertex
reproduces independently according to i.i.d copies of a pure birth process
{&(t) :t>0}. £(0) =1 w.p. 1 and

PE{E+h) =k+1/E@) = k) = % +o(h)
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Let {Y(t) : t > 0} denote the randomly growing tree. For every ¢ > 0,
T(t) € G. We define the following sequence of random times

T :=1inf{t > 0:|Y(t)| = 2}
73 :=inf{t > 7 : |Y(t)] = 3}

Tp = 1Inf{t > 7,1 : |T(t)| = n}

We look at the tree Y(¢) at the random times {7, }. Let {G,}52, denote the
random graph sequence under the inverse de-preferential attachment case
when m = 1. This gives us the following result.

Theorem 4.1. The sequence of random graphs {G,}52 5 is distributed iden-
tically as {Y (1) }72 5.

We will find it useful to consider the pure birth process {{(¢) : ¢ > 0} as
a point process, where the points occur at the birth times {7},}°2; of the
pure birth process. We define the expected Laplace Transform of the point

process {&(t) : t > 0}

(e.9]
=5 ([ exp(—At)daw)

oo n—1

nz:l H) (i+1) )\ +1
p(A\) may be calculated easily because {T}, — T,,—1} are independent random
variables with Exp(1/n) distribution, that is, exponential distributions with
mean n. We observe that the equation p(A) = 1 has a unique root A = \*.
A* is usually referred to as the Malthusian Parameter in the context of
Crump-Mode-Jagers Branching Processes. The process {Y(t) : ¢ > 0} is a
supercritical, Malthusian Branching Process. Then using a theorem from
O.Nerman (1981)(Theorem A, [9]), we have the following result.

Theorem 4.2. Consider a bounded function ¢ : G — R. Then the following
limit holds almost surely

M |T Z o(T =X /0 " exp{— N YE(6(T (1)) dt.

4.1.2. Athreya-Karlin Embeddmg. For m > 1, we will couple our graph pro-
cess with a sequence of Yule processes (i.i.d pure birth processes), with
appropriate birth rates, such that, our degree sequences at each vertex will
have the same distribution as the number of particles in the respective Yule
processes sampled at suitable random times. Similar coupling has been used
in [1, 2] and also in [5], where it is termed as Rubin’s construction in the con-
text of reinforced random walks. The coupling with our specific birthrates,
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namely, \; = + has also appeared in a recent work of Thacker and Volkov

2. Z

It is worth mentioning here that unlike in the previous case m = 1, when
the entire graph process can be embedded inside a branching tree, in this
case we are not embedding the entire graph process into the random forest
which can be obtained from the Yule processes. Instead, this coupling is
essentially only for the degree sequences at each vertex. Thus, having self-
loops and multiple edges in our random graphs, which can occur since m > 1,
do not create any contradiction to this coupling.

Let {Z(t) : t > 0} be a pure birth process with Z(0) = m w.p. 1 and
birth rates {\;}52,,, A\i = 1. Let {Z;(t) : t > 0}22; be i.i.d. copies of the
pure birth process Z(t).

We will define a sequence of random times {7,}7°,. Let 71 = 0 w.p.1.

We start the process Z(t) at ¢ = 0. Let T1(2) be the time after 7 when the
first birth takes place in Z;. Let TQ(Q) be the time after = + T° 1(2) when the

second birth occurs in Z;. We continue in this manner to get T 1(2), - ,Tr(n2 ),
Let 7 be the time when the m!* birth occurs in Z; (t —71). We start a new
process Zs(t) at t = 5. We have,

—n =T+ ... +TO

In general, let T,gnﬂ) denote the time of k" cumulative birth in Z,--- , Z,

after 7,, + T1(n+1) + -+ T,i’_”{l). Let 7,41 be the time after 7, when the

m*" birth takes place in the processes Zi, Za, - - - , Zp after 7,,. We start the
process Zp11(t) at t = 7,41.Therefore, we have,

Tair = =T o T

We define, for j =1,---  n,

di(n+1,k) = Zj(1n + Tl(”“) + T,g”“) —Ti)
We have the following embedding result.

Theorem 4.3. The sequence {Jj(n—H, k),k=0,---,m—1,j=1,--- ,n,n >
2} and {dj(n+1,k),k=0,--- ,m—1,57=1,--- ,n,n > 2} are identically
distributed.

It is important to emphasize at this point that the embedding of the
random graph process in the m = 1 case into a CMJ branching process
induces an Athreya-Karlin Embedding of the random graph process in the
same probability space. We will be utilizing both these embeddings for the
m = 1 case to establish certain properties of these random graphs.

We note that the pure birth process Z(t) considered in Section
reduces to the birth process £(¢) considered in Section if we fix m = 1.
We will need the following results about the asymptotic properties of these
pure birth processes.
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Theorem 4.4. Let {Z(t) : t > 0} be a pure birth process with Z(0) = m

w.p. 1 and birth rates {\}2,,, \i = +. Then %5 2 ast — oo.

Proof. Let
71 =0
To=inf{t >T): Z(t) =m+1}
Ts=inf{t >Th: Z(t) = m+ 2}

Then we know, 11,15 — 1y, - , 1, — T,_1,- -+ are independent exponential
random variables. Therefore, L, = T,,11 — T, are independent and L, ~
E$p(m+n 7). Then we have

Thn=Li+-+Ln
= E(T,)=m+m+1)+-+(m+n-—2)
— E(Tn)—(n—l)m+(n_1)2(n_2)

Also, Var(L,) = (m +n — 1)%2. Hence we have,
> Ly > (m+k— 1)2
> v (B) =3 il o
k=1

Thus, > 72, L’“TE[L’“] < oo w.p. 1. First, this implies that % — 0 a.s.,
because F(Ly) = (m+k—1). Further, an application of Kronecker’s Lemma
yields that w — 0 w.p. 1. This allows us to conclude that % — %

a.s.
We observe that Z(t) 1 0o as t — oo and Ty <t < Ty(4)41. Therefore,
Ty t T, L
2 _ < OIS0
(1) ~(Z(t)* ~ (Z(t)*  (Z(1)?
VA
- \ﬁ? — V2 a.s.

This completes the proof. O

4.2. Technical Results on Normalizing Constant. The results estab-
lished below allow us to approximate the normalizing constants for the de-
preferential attachment model.

Let JNn r denote the natural filtration associated with the continuous time
embedding d;(n + 1,k) described in section We define

n

1
+ ]Z; dj (n + 1, k‘)

The natural filtration {jn} and the constants C,, and D,, are defined anal-
ogously for the m = 1 case.
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Lemma 4.5. For m =1, % — \* a.s.

Proof. The proof follows from Theorem A, [9] by using the bounded func-

tional ¢(G) = eren(@), where () is the root of a finite tree G € G.

For m > 1, we have the following bounds on the normalizing constants.

Lemma 4.6. Vn > 2,Vk=0,1,--- ,m—1, ™5 <an<2 wp 1.

n-l
Proof. We note that C;i =Dy = 2_:1 G k)’ We observe that d;(n, k) >
m for j = 1,--- ,n — 1 and therefore D, < 2=l We also observe that

m
n—1

Z dj(n,k) = k+ m(2n — 3). Therefore, by the A.M.-H.M. inequality,
j=1

n—1

o (n— 1)
dj(n,k) = k+m(2n - 3)

=1
n—1
>
- 2m
Combining, we get that ”2—;”1 < Dy < % Therefore, we have, - <
an < 2 n—1 W.p. 1. O

We use Theorem to conclude that Dn+1,k and D1 are identically
distributed. Therefore, using the previous lemma, we have,

< — (4.1)
Proposition 4.7. Vi > 1, 3 a random sequence {c,} ~ ©(m?logn) such

that
Tn — Ti

—1 a.s.
Cn

as n — o0.

T1(n+1)> U e

Proof. We observe that the random variables are inde-

pendent and that

9

(nH | Fns1.0 ~ Exp(Dpi10)
(nH | Fns11 ~ Exp(Dpy11)

T7(7;l+1)|jn+l,mfl ~ Exp(DnJrl,mfl)
We define
by = Cri1.0 + E[Cry11|Fns10] + -+ ElCritm1|Fni10]
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Then, using equation (4.1)), we may conclude that,

2 2
M7 py < 2 (4.2)
n n

m
Now, recall that 7,41 — 7, = ZT,gnH). Thus, {Tn+1 — T — bn,ﬁimrm}
k=1
forms a martingale difference sequence. Further, we have, Y b2 < oo, which
implies that Y, = 7, — 7; — (b; + -+ + b,) is an L? bounded martingale.
Therefore, by the Martingale Convergence Theorem, we have, ¥,, — Y a.s.
as n — 0o. We define,

Cn:bi+"'+bn

Therefore,
T —Ti — Y
— n T Tiagy
Cn,
Again, using equation (4.2)), it easily follows that ¢, ~ ©(m?logn). This
completes the proof. O

Proposition 4.8. For m = 1, the sequence {c,} outlined in Proposition[{.7]

. Cn 1
satisfies ogn 7 aF G871 — 00,

Proof. From Lemma we have nC,, — )% a.s. as n — oo. This observa-
tion, along with the form of the sequence ¢, help us to conclude the result
sought. O

4.3. Proof of Theorem From Theorem [£.3| we have, for j = 1,--- ,n,
dj(n) is distributed identically as Z;(7, —7;). Also, combining Theorem
and Proposition [4.7| ,we have,

Zi(Tn, — Ti)

— V2 a.s.
VCn
d.
M% 2 a.s.

VvV Cn
Finally, we note from Proposition that locg"n — % a.s. This helps us to
conclude that the result in consideration.

4.4. Proof of Theorem|[2.8, We use Theorem A, [9] with ¢(G) = 1(#children(),G) =
k) where () denotes the root of the tree G. Then we have,
. HzeX(®):deg(z,Y(t)) = k+ 1}
lim
t=00 ()]

=\ / " exp(= A1) P(#children(D, (1)) = k)dt
0
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Now,

P(#children(0,Y(t)) = k) = P(Tp <t) — P(Ty11 < t)

By Fubini’s Theorem, we have,
w *
A*/ exp(—\Nt)P(T}, < t)dt = E(e ' T*)
0

T}, is the sum of independent exponentially distributed random variables
with parameters 1, %, %, cee %, this can be easily calculated. This completes
the proof.

4.5. Proof of Corollary. We first define

k—1
kX* 1
P 11 k=12

ST § v
=1

(i) We observe that A* > 1 and note that % < 1Vk > 1. This proves
that the mode of the distribution is at 1.
(ii) We observe that

0o n—1

B 1
kz;lp(k) - Hl 1T+inv

= D > ilk) =2

n=1k=n
(iii)
[e%¢] n—1 1

k:np(k) = El T

1 T(1+5)

INCOEEE <n + %)

The proof may be completed by applying Stirling’s approximation
1
for the Gamma function, I(z + 1) ~ v/2r exp(—z)z@+2).

4.6. Proof of Theorem We will use the Athreya-Karlin Embedding.
Let Ni(n) denote the number of processes with exactly k individuals at time
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Tn. Hence, combining Lemma [£.5 and Theorem , we have,

P(dy(n+1) — dy(n) = 1,dy(n) = k|.Z,) — Ni(n).Cpk
N n A
= 7’“71( ).nCn%
k—1
as 1 kA 1

kX* EA*4+1 L I+ 1
1=

1
:HH—M*

=1

We note that the sequence Nk(n)én% is uniformly bounded and hence uni-
formly integrable. Taking expectations gives us the result sought.

4.6.1. Proof of Theorem[2.11]. From Theorem [£.3] we have, for j =1,--- ,n,
dj(n) is distributed identically as Z;(7, —7;). Also, combining Theorem
and Proposition [4.7] ,we have,

Ziltn—m) o4
\/a
di(n)
Ven
Finally, we note from Proposition that ¢, ~ ©(m?logn). This concludes
the proof.

— V2 a.s.
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