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Abstract

We consider the stochastic analysis of information ranking algorithms of large
interconnected data sets, e.g. Google’s PageRank algorithm for ranking pages
on the World Wide Web. The stochastic formulation of the problem results in
a recursion of the form

N
REQ+ Z CiR;,
i=1

where N,Q,{R;}i>1,{C,Ci}i>1 are independent non-negative random vari-
ables, {C,C;};>1 are identically distributed, and {R;};>1 are independent
copies of R; L stands for equality in distribution. We study the asymptotic
properties of the distribution of R that, in the context of PageRank, represents
the frequencies of highly ranked pages. The preceding recursion is interesting
in its own right since it belongs to a more general class of weighted branching
processes that have been found useful in the analysis of many other algorithms.
Our first main result shows that if ENE[C®] = 1, > 0 and Q, N have
higher moments than «, then R has a power law distribution of index «. This
result is obtained using a new approach based on an extension of Goldie’s
(1991) implicit renewal theorem. Furthermore, when N is regularly varying of
index @ > 1, ENE[C®] < 1 and Q, C have higher moments than «, then the
distributions of R and N are tail equivalent. The latter result is derived via a
novel sample path large deviation method for recursive random sums. Similarly,
we characterize the situation when the distribution of R is determined by the
tail of Q. The preceding approaches may be of independent interest, as they can
be used for analyzing other recursions on trees. We also discuss the engineering
implications of our results throughout the paper.
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1. Introduction

We consider a problem of ranking large interconnected information (data) sets, e.g., ranking pages on the
World Wide Web (Web). A solution to the preceding problem is given by Google’s PageRank algorithm,
the details of which are presented in Section [[LIl Given the large scale of these information sets, we adopt
a stochastic approach to the page ranking problem, e.g. Google’s PageRank algorithm. The stochastic
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formulation naturally results in a recursion of the form

N
R2Q+)Y CR;, (1.1)

i=1
where N, Q,{R;}i>1,{C,C;}i>1 are independent non-negative random variables, {C, C;};>1 are identically

distributed, and {R;};>1 are independent copies of R; L stands for equality in distribution. We study the
asymptotic properties of the distribution of R that, in the context of PageRank, represents the frequencies
of highly ranked pages. In somewhat smaller generality, the preceding stochastic setup was first introduced
and analyzed in [33] for the PageRank algorithm; the formulation given in (II) was later studied in [32].

The canonical representation given by recursion (IT]) is also of independent interest since it belongs to
a more general class of weighted branching processes (WBPs) [28, 24 22]; the connection to WBPs is
discussed in more detail in Section With a small abuse of notation, we also refer to our more restrictive
processes as WBPs. These processes have been found useful in the average-case analysis of many algorithms
[29], e.g. quicksort algorithm [I4], and thus, our study of recursion (1), may be useful in these types
of applications. Furthermore, when @Q = 1,C; = 1, the steady state solution to (II]) represents the total
number of individuals born in an ordinary branching process. Also, by letting N be a Poisson random
variable and fixing @ = 1, C; = 1, equation (L.I) reduces to the recursion that is satisfied by the busy period
of an M/G/1 queue. Similarly, selecting N = 1 yields the recursion of the first order autoregressive process;
see Section for a more thorough discussion on related processes.

In Section 2l we connect the iterations of recursion (II]) to an explicit construction of a WBP on a tree, such
that the sum of all the weights of the first n generations of the tree are directly related to the nth iteration of
the recursion. Then, in Section B] we present explicit estimates for the moments of the total weight, W,,, of
the nth generation in the corresponding WBP. Using these moment estimates and the WBP representation,
we show in Section Bl that under mild conditions the iterations of () converge in distribution to a unique
and finite steady state random variable R. Hence, under the stated assumptions, this limiting distribution
P(R < z) is the unique solution to ([I.I]). The steady state variable R represents the sum of all the weights
in the corresponding branching tree.

Studying the asymptotic tail properties of the steady state solution R to (ILT]) represents the main focus of
this paper. In particular, we study the possible causes that can result in power tail asymptotics for P(R > x).
We discover that the tail behavior of R can be determined/dominated by the statistical properties of any of
the three variables C, N and Q). The corresponding results are presented in Sections Ml Bl and [ respectively.
Our emphasis on power law asymptotics is motivated by the well established empirical fact that the number
of pages that point to a specific page (in-degree) on the Web, represented by N in recursion (L.IJ), follows
a power law distribution; other complex data sets, e.g. citations, are found to posses similar power law
properties as well.

Our first main result on the tail behavior of P(R > x) is presented in Theorem [£2] showing that if
ENFE[C* = 1,a > 0 and @, N have higher moments than «, then R has a power law distribution of
index «, with an explicitly characterized constant of proportionality. In particular, when « is an integer,
the constant of proportionality of the power law distribution is explicitly computable, see Corollary H1l
This result is obtained by an extension of Goldie’s (1991) implicit renewal theorem that we present in
Theorem [Tl This extension may be of independent interest since R and C' in the statement of Theorem AT
can be any two independent random variables that may satisfy a different recursion. In the context of the
broader literature on WBPs, our results are related to the studies in [28] (see Theorem 6), and more recently
n [24], that use transform methods to characterize the distribution of R, under appropriate conditions,
as stable distributions. In the case of positive R that we consider, these results are restricted to positive
stable laws that allow power law tails only for 0 < a < 1 (see Section 5.3.5 in [7]). Also, related results for
the homogeneous case (Q = 0) and a > 1 can be found in Theorem 2.2 of [25] and Proposition 7 of [16].
Interestingly, our approach for the non-homogeneous case (P(Q > 0) > 0) shows that the distribution of R
can have a uniform treatment for any « > 0. For additional comments on results related to our Theorem [£.2]
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see the remarks following its statement. Furthermore, this result may provide a new explanation of why
power laws are so commonly found in the distribution of wealth since weighted branching processes appear
to be reasonable models for the total wealth of a family tree.

Section [B] studies the case when N is power law and dominates the tail behavior of R. This is the case that
more closely relates to the original formulation of PageRank and the structure of the Web graph since the
in-degree N is well accepted to be a power law. Our main result in this case, stated in Theorem [5.1] shows
that, when N is regularly varying of index o > 1, ENE[C®] < 1 and @, C have higher moments than «,
then the distribution of R is tail equivalent to that of N. Our approach in deriving this result is based on
a new sample path heavy-tailed large deviation method for weighted recursions on trees. The key technical
result is given by Proposition 51 that provides a uniform bound (in n and x) on the distribution of the total
weight of the nth generation P(W,, > x). We would also like to point out that Proposition 5] resembles to
some extent a classical result by Kesten (see Lemma 7 on p. 149 of [4]), which provides a uniform bound for
the sum of heavy-tailed (subexponential) random variables. The main difference between the latter result
and our uniform bound is that n refers to the depth of the recursion in our case, while in Lemma 7 of
[, n is the number of terms in the sum. This makes the derivation of Proposition [5] considerably more
complicated, and perhaps implausible, if it were not for the fact that we restrict our attention to regularly
varying distributions, as opposed to the general subexponential class.

Section [@l investigates a third possible source of heavy tails for R, the one that arises from the innovation, Q,
being power law, see Theorem For N = 1, this result is consistent with a corresponding result for the
first order autoregressive process in Lemma A.3 of [26]. The proofs of more technical results are postponed
to Section [

Finally, from a mathematical perspective, we would like to emphasize that our sample path large deviation
approach as well as the extension of the implicit renewal theory, provide a new set of tools that can be of
potential use in other applications, as well as in studying the broader class of recursions on trees, e.g., one
can readily characterize the asymptotic behavior of the distribution that solves R = @ + maxj<;<n Ci R;.
Furthermore, from an engineering perspective, our Theorem [5.I] shows that for highly ranked pages, the
PageRank algorithm basically reflects the popularity vote given by the number of references N, implying that
overly inflated referencing may be advantageous. A more detailed discussion on the engineering implications
of the performance and design of ranking algorithms, e.g. PageRank, can be found at the end of Section

1.1. Google’s algorithm: PageRank

PageRank is an algorithm trademarked by Google, the Internet search engine, to assign to each page a
numerical weight that measures its relative importance with respect to other pages. We think of the Web
as a very large interconnected graph where nodes correspond to pages. The Google trademarked algorithm
PageRank defines the page rank as:

1—-d R(p;
Rp)=——+d Y (p), (1.2)
n G Lipy)
pj €M (p:)
where, using Google’s notation, pi,pe,...,p, are the pages under consideration, M (p;) is the set of pages

that link to p;, L(p;) is the number of outbound links on page p;, n is the total number of pages on the Web,
and d is a damping factor, usually d = 0.85. As noted in the original paper by Brin and Page (1998) [10]
PageRank “can be calculated using a simple iterative algorithm, and corresponds to the principal eigenvector
of the normalized link matrix of the Web. Also, a PageRank for 26 million web pages can be computed in
a few hours on a medium size workstation.” PageRank is based on citation analysis that was developed in
the 1950s by Eugene Garfield at the University of Pennsylvania. Web link analysis was first developed by
Kleinberg [21].

While in principle the solution to (I2]) reduces to the solution of a large system of linear equations, due to
the ever increasing size of the Web and similar highly interconnected data sets, we believe that the “brute
force” deterministic approach might be impractical, as well as non insightful. Specifically, if one obtains the
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principal eigenvector of the normalized link matrix, it is hard to obtain from the solution qualitative insights
about the relationship between highly ranked pages and the in-degree/out-degree statistical properties of
the graph.

In particular, the division by the out-degree (L(p;) in equation (I.2])) was meant to decrease the contribution
of pages with highly inflated referencing, i.e., those pages that basically point/reference possibly indiscrim-
inately to other documents. However, the stochastic approach (to be described in the following sections)
reveals that highly ranked pages are essentially insensitive to the parameters of the out-degree distribution,
implying that the PageRank algorithm may not reduce the effects of overly inflated referencing (citations,
voting) as originally intended, i.e., it may lead to possibly unjustifiable highly ranked pages. The observation
that the tail of the rank distribution is dominated by N was also made in [33] and [32]. More discussions on
this topic are provided at the end of Section [l

A stochastic approach to analyze (L2) is to consider the recursion

D "R
R=7+czﬁf, (1.3)
i=1 "t

where 7, ¢ > 0 are constants, cE[1/D] < 1, N is a random variable independent of the R;’s and D;’s, the D;’s
are iid random variables satisfying D; > 1, and the R;’s are iid random variables having the same distribution
as R. In terms of recursion ([2)), R is the rank of a random page, N corresponds to the in-degree of that
node, the R;’s are the ranks of the pages pointing to it, and the D;’s correspond to the out-degrees of each of
these pages. The assumption that the in-degree of a page is independent of the ranks and out-degrees of the
pages pointing to it is justified by the massive size and sparse nature of the underlying graph. Furthermore,
the experimental justification of these independence assumptions can be found in [31]. This setup was also
considered in [33], where a partial analysis of recursion (3] was carried out. Recently, the following more
general recursion for the cases when N or ) dominate was analyzed via Tauberian theorems, under some
more restrictive assumptions, in [32]. In this paper we develop a novel sample path approach for the analysis
of

N
REZQ+) CiR;
i=1

as defined previously in (II). Recall that N,Q,{R;}i>1,{C,C;}i>1 are independent non-negative random
variables, {C, C;};>1 are identically distributed, and {R;};>1 are independent copies of R.

2. Model Description

As outlined above, we study the sequence of random variables that are obtained by iterating (LI]). Specifi-
cally, we consider

N,
f1 = Qo+ Y CUTURE (2.1)
=1

where {R}, ;}i>1 are iid copies of R}, from the previous iteration, and {N,}, {Ci(nﬂ)}, {Qn+1} are mutually
independent iid sequences of random variables; for n = 0, R ; are iid copies of the initial value Rg.

In this section we will discuss the weak convergence of R} to a finite random variable R, independently of
the initial condition R§. In other words, R is the unique solution to (II)). In particular, we will construct a
process R, on a tree that converges a.s. to R. These convergence results may be of practical interest as well
since ranking algorithms are implemented recursively. The actual proofs are postponed until Section [3.11
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2.1. Construction of R on a Tree

To better understand the dynamics of our recursion, we give below a sample path construction of the random
variable R on a tree. Consider the branching process {Z,,} >0 given by recursion

anl
Zo= 3 Nilh. =L

=1

where {Ni(:.)..,in}nzo is a sequence of iid random variables having the same distribution as N. Here, Nz(ln)ln
is the number of offspring that individual (i1, ...,4,) from the nth generation has.

Suppose now that individual (i1,...,14,) in the tree has a weight CZ(?) ;, defined via the recursion

Y

co=1, ¢ =cm ¢ n>1

11ee05ln 1yeensln  Ulyeentn—1" ’

where the random variables {Cl(ln) :m > 0,4, > 1} are iid with the same distribution as C. Note that

CE?)M is equal to the product of all the weights c®) along the branch leading to node (i1,...,%,), as
depicted on the figure below. Define now the process

W, = Z QEZ)...,inCz('?,)...,inv n >0,
(il,...,in)eAn

where A,, is the set of all individuals in the nth generation and {QE?)ZH }n>0 is a sequence of iid random
variables having the same distribution as @ (see Figure [I]).

c Wo = Q(O)C(O)
Zo =1
e o oy W=, el
1 1 7

* 7 =3

2 2 2 2 2 2 2) ~(2

c? ct) cfl  cf cf) cf) we=3,,Q%c)
[ J [ J [ ] [ ] [ J [ ] 7o =6

FIGURE 1: Construction on a tree

Observe that when ') = 1 and Q.(') =1, W, is equal to the number of individuals in the nth generation
of the corresponding branching process, and in particular Z,, = W,,. Otherwise, W,, represents the sum of
the weights of all the individuals in the nth generation. Related processes known as weighted branching
processes have been considered in the existing literature [28] 24 22] and are discussed in more detail in
Section 2.31 With a small abuse of notation we also refer to our more restrictive processes as WBPs.

Define the process { R, },>1 according to

Rn:iwk, n >0,
k=0
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that is, R, is the sum of the weights of all the individuals on the tree. Clearly, when Q. = 1 and c®) = 1, R,
is simply the number of individuals in a branching process up to the nth generation. We define the random
variable R according to

R2 lim Ry, =Y Wi (2.2)
k=0

n—oo
Furthermore, it is not hard to see that R,, satisfies the recursion

N©

Ry=3 CVR"V+QO,  RY ~0,
=1

(i1;~~~7in+1)

where {R;nil)} are independent copies of R,,_1 corresponding to the tree starting with individual j in the
first generation. Therefore, R,, satisfies the recursion

Np_1
R, 23 CR" Y+ Q. n>1. (2.3)

=1

Moreover, since the tree structure repeats itself after the first generation, W, satisfies

Wo= > QW ,cw
(i17~~-;in)eAn
N©
1 n n 1
= Z O,i ) Z Ql(c,.)..,incl(c,.)..,in/clg :
k=1 (kyeoin) €A,

19

N
> CiWino1)
k=1

where N, Cy, W(,_1) are independent of each other and of all other random variables, and W(,,_1) x has
the same distribution of W,,_1.

2.2. Connection between R} and R,

We now connect the two processes R and R,,, the one obtained by iterating (LI and the one obtained
from the tree construction, respectively. To do this define

Wn(RS) = Z RS,(il ..... in)cz(’?,)...,in7
(il,...,in)eAn

where R () are iid copies of the initial condition R, and the weights C'™ are the ones defined in Section 211

In words, W, (Rp) is the sum of all the weights in the nth generation of the tree with the coefficients Q.(n)
substituted by the corresponding RS,O)' We claim that

R: 2 Ryt + Wi (Rp).
To see this note that for n =1,
N©

No
Ry =@+ CVR;;2QOC® + 3" CVRS, =Wy + Wi(R)  (recall C© = 1),

i=1 i=1
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and by induction in n,

Ny
1 = Qny1 + Z Cl-(nH)sz,i
i=1

Ny,
2 Qnit + Z cnth (R(n-1),i + Wn.i(Rg)) (by induction)
i=1
N©
D n— * n
2QUAd e RV Y Ry COY
i=1 (i,’il ..... in)GAn+1
N
* n+1
=R, + Z RO,(i,il,...,in)cg,il,,,),,in
i=1
=R, + Wn+1(R8)a

where Rg"_l) corresponds to the process R, _1 obtained from the tree starting with individual 7 in the first
generation (a descendent of the root). Since R,_1 — R a.s., it will follow from Slutsky’s Theorem (see
Theorem 1, p. 254 in [I1]) that if W,,(R) = 0, then

R; = R,

where = denotes convergence in distribution. The proof of this convergence and that of the finiteness of R
are given in Section Bl Understanding the asymptotic properties of the distribution of R, as defined by
22, is the main objective of this paper.

2.3. Related Processes

As we mentioned above, the stochastic recursion defined in (1)) leads to the analysis of a process known in
the literature as a weighted branching process (WBP). WBPs were introduced by Résler [28] in a construction
that is more general than ours. More precisely, each individual in the tree has potentially an infinite number
of offsprings, and each offspring inherits a certain (nonnegative) weight from its parent and multiplies it by
a factor T;, where the index i refers to his birth order (i.e., a first born multiplies his inheritance by T3, a
second born by Ts, etc.). Each individual branches independently, using an independent copy of the sequence
T1,Ts,.... However, within the sequence, T1,75,... can be dependent. Only individuals whose weight is
different than zero are considered to be alive. The construction we give in this paper would correspond to
having
T; = Cil(n>4)-

The definition of a WBP described above leads to the following stochastic recursion for the total weight of
the nth generation,
D oo
Wo =Y TiWi1), (2.4)
i=1

and a corresponding non-homogeneous recursion of the form

REN"T,R; +Q. (2.5)
i=1
In the construction given in [28], the {T;} and @ are allowed to be dependent as well.

We now briefly describe some of the existing literature on WBPs that more directly relates to our problem.
In [28], the martingale structure of W,,/m"™ (m = E[)_, T;]) was used to point out the existence of W =
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lim,, oo Wy, /m™, and it was shown that some positive stable distributions are solutions to (Z3]) when @ and
the T;’s are deterministic constants satisfying > ;T =1 for some o € (0,1], or when @ = 0 and the T;’s
are random; also general stable distributions (0 < « < 2) are shown to arise when the T;’s are random.
Furthermore, for a detailed analysis of the case when W follows a positive stable distribution (0 < o < 1) see
[24]. The convergence of W,,/m™ to W was studied in [30], and conditions for W to belong to the domain of
attraction of an a-stable law (1 < a < 2) were given in [30], along with an analysis of the rate of convergence.
In the case of positive R that we consider, these results are restricted to positive stable laws that allow power
law tails only for 0 < av < 1 (see Section 5.3.5 in [7]). A generalization of the WBP described in [2§8] to a
random environment was given in [22], where necessary and sufficient conditions for W to be nondegenerate
were derived. More results about the solutions to ([2.5]) for the case when @ and the T;’s are random are
given in [2]. The existence of moments of W was studied in [I]. The power law tail of W for a > 1 was
derived in Theorem 2.2 of [25] and Proposition 7 of [16]. Note that in this case we study the solution to
the non-homogeneous equation (LI} (P(Q > 0) > 0), where the results from [25], [16] do not apply; see
the remarks after Theorem for additional comments. For an even longer list of references to WBPs and
related work see [22] and [2].

From the discussion above it is clear that the prior literature on WBPs is extensive, but we point out that the
more specific structure of our model, given by ([LI]), as well as our novel analysis via implicit renewal theory,
allow us to characterize the asymptotic power law behavior of the distribution of R for all a > 0 when the
{C;} dominate the tail. In addition, we study the non-homogeneous equation (2.1), while the preceding work
primarily focuses on the homogeneous case (2.4). The case when N dominates the tail, which is important
for the page ranking problem, has not been considered until very recently in [33] and [32]. In reference to
the latter work, our analysis is based on a new sample path approach, while the studies in [33], [32] use
transforms and tauberian theorems as well as some more restrictive assumptions. We will provide more
details on these connections throughout the paper in remarks after the corresponding theorems.

From a different mathematical perspective, our model also constitutes a generalization of several important
types of processes. For instance, by setting N, = 1 and fixing C’Z-(") to be a constant, (2.I)) reduces to an
autoregressive process of order one. Also, by letting /N be a Poisson random variable and fixing C; =1, Q = 1,
(TI) becomes the recursion that the number of customers in a busy period of an M/G/1 queue satisfies.
Recursion (I2) and its connection to the busy period when the weights D; are equal to a deterministic
constant was exploited in [23].

It is worth noting that probabilistic sample path approaches for the busy period (Ci(n) = 1) were developed
in [34] [17, [6]; the work in [34] [I7] is also relying on the theory of cycle maximum [3]. However, for our more

general model (random Ci(n)’s) it is not clear if there is a tractable way of generalizing this analysis. Instead
of pursuing the preceding directions, we develop a direct sample path large deviation analysis for recursive
random sums that provides greater generality.

3. Moments of W,

In this section we provide explicit estimates for the moments of the total weight, W,,, of the nth generation
that will be used throughout the paper. In particular, we apply these estimates in Section 3.1l to prove that
R} = R where R < 0o a.s. Our estimates may be of independent interest due to their explicit nature.

A simple calculation shows that provided E[N], E[Q], E[C] < oo, then E[W,] < co and is given by
E[Wy] = E[N|E[CIE[Wn] = (E[N]E[C])" E[Wy] = (E[N]E[C))"E[Q].

We give below upper bounds on the general moments of W,,.

Throughout the paper we will use K to denote a large positive constant that may be different in different
places, say K = K/2, K = K2, etc.
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Lemma 3.1. Suppose E[Q®|E[N]|E[C%] < 0o for 0 < a < 1, then
EW7] < (E[C°]EIN])"E[Q"]
for allm > 0.

Proof. Simply note that

=Y E <Z ciw(n_l)J) P(N =k)
k=1 i=1
) k

<Y B (CiWinena)"| PN =F) (3.1)
k=1 Li=1

= B[C*]E[N|E[WS ]

< (E[C¥|E[N])"E[W{] (iterating n times)

= (E[C*|E[N])"E[Q"],

where for [B]) we used the well known inequality (Zle yl> < Zle yX for 0 < a <1, y; > 0 (see e.g.,
Exercise 4.2.1, p. 102, in [11]).

The lemma for moments greater than one is given below.

Lemma 3.2. Suppose E[Q%] < oo, E[N®]| < 0o, and E[N|max{E[C?],E[C]} < 1 for some a > 1. Then,
there exists a constant K, > 0 such that

EWZ] < Ko(E[N]max{E[C"], E[C]})"
for alln > 0.

The proof of Lemma is given in Section [T.1]

REMARK: Recall that when C = 1 and @ = 1 then E[W)¥] is the a-moment of a subcritical branching
process Z,, and our result reduces to E[Z2] < K, (F[N])", which is in agreement with the classical results
from branching processes, e.g. see Corollary 1 on p. 18 of [5]. Moreover, from the proof of the integer « case
(given in Section [T])), it is clear that W' scales as p™ if (E[C])* < E[C?] and as p} if (E[C])* > E[C?],
where p = E[N|E[C] and p, = E[N]E[C®]. Note that this is not quite the same as our upper bounds, and
the reason we choose the geometric term (pV p, )™ instead is that it makes the proofs simpler and is sufficient
for our purposes. Similar techniques to those used in proving the preceding lemmas can yield, with some
additional work, lower bounds for the a-moments of W,,, showing that the correct leading term is (p*V p,,)™.

More technical results dealing with the existence of the c-moments of W 2 limy—oo Wi /p™ can be found
in [I]. There, necessary and sufficient conditions are given for the finiteness of E[W*L(W)] when a > 1
and L(-) is slowly varying (see Theorems 1.2 and 1.3). In particular, the approach the authors take is to
first normalize the process so that p = E[W;] = 1, and then impose a condition that in our case reduces to
pa = E[N]E[C?] < 1, that is, they preclude the situation where W& might scale as p” when p® < p,. An

example where W scales as p» is when N =1, since then W 2 Q[T Cx.
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3.1. Convergence of R} and finiteness of R

As discussed in Section[Z2] there are two issues regarding the process R that remain to be addressed. One,
is the proof that

Ry = R=> W,
k=0
for any initial condition Rg; the other one is the finiteness of R. The lemma below shows that R < oo a.s.
Lemma 3.3. Suppose E[Q"] < co, E[N?] < oo, and E[N]E[C”] < 1 for some 8 > 0. Then, E[R’] < oo,

L
and in particular, R < oo a.s. Moreover, if 3 > 1, R, =5 R, where Lg stands for convergence in (E|-|?)Y/?
norm.

Proof. Let
_ JEIN]E[CP], ifg<1
T\ EIN] min{E[C], E[C?]}, i8> 1.
Then by Lemmas B1] and 32
EW]] < Kn" (32)

for some K > 0. Suppose 5 > 1, then, by monotone convergence and Minkowski’s inequality,

n 3 n 3
E[R’] = E | lim <Zwk> = lim E (Zwk>
k=0 k=0

n B oo B

< lim <Z E[W,f]l/ﬁ> <K (Z n’f/ﬁ) < oo0.
k=0 k=0

This implies that R < oo a.s. When 0 < 8 < 1 use the inequality (ZZ:O yk)ﬁ < ZZ:O yg for any y; > 0

instead of Minkowski’s inequality. That R, %2 R whenever B3 > 1 follows from noting that E[|R, — R|’] =

E [(EZO:nH Wk)q and applying the same arguments used above to obtain the bound E[|R, — R|?] <

K™t /(1 =n'/P)0.

Next, it is easy to verify, by conditioning on N, _1, {Cl-("_l)}izl and Q,—1 in equation (Z3) and applying
dominated convergence, that R must solve

N
RZ Z CiR; + Q,
i—1

where {R;};>1 are iid copies of R.

We now turn our attention to the proof of the convergence of R} to R. Recall from Section that

R:ER, 1+ W,(RY), (3.3)
where
Wn(RS) = Z RS,(il,...,in)Cz(’?,)...,in'
(il,...,in)eAn

The following lemma shows that R} = R for any initial condition R satisfying a moment assumption.
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Lemma 3.4. For any R} > 0, if E[Q”], E[(R})P] < 0o and E[N]E[CP] < 1 for some 0 < 3 <1, then
R} = R.
Furthermore, the distribution of R is the unique solution to recursion (LI)).

Proof. In view of (33)), and since R,, — R a.s., the result will follow from Slutsky’s Theorem (see Theorem
1, p. 254 in [I1]) once we show that W, (R§) = 0. Recall that W, (Rf) is the same as W,, if we substitute
the Qs ..., by the Rj (i1,emin)” Fix € > 0, then

P(Wn(R5) > €) < e PE[WL(R)”]
< e P(E[CPIE[N))"E[(R})"] (by Lemma 3.1)).

Since by assumption the right hand side converges to zero as n — oo, then R} = R. Clearly, the distribution
of R represents the unique solution to (I.1I), since any other possible solution would have to converge to the
same limit.

REMARKS: (i) Note that when E[N] < 1, then the branching tree is a.s. finite and no conditions on the C’s
are necessary for R < oo a.s. This corresponds to the second condition in Theorem 1 of [9]. (ii) In view
of the same theorem from [J], one could possibly establish the convergence of R} = R < oo under milder
conditions. However, since in this paper we only study the power tails of R, the assumptions of Lemma [3.4]
are not restrictive.

4. The case when the C’s dominate: Implicit renewal theory

In this section we study the power law phenomenon that arises from the multiplicative effects of the weights

{Ci} in (D).
4.1. Implicit Renewal Theorem on Trees

One observation that will help gain some intuition about (23] is to consider the case when N = 1. The
process { R, } then reduces to

Rn 2 Qn—l + Cn—an—lu

also known as a (random coefficient) autoregressive process of order one. The steady state solution to this

recursion satisfies >
R=Q +CR,

where R is independent of C' and Q. This is precisely one of the stochastic recursions considered in [I5] (see
also [20]), where it is shown that under the assumption that F[C*] = 1 and some other technical conditions
on the distribution of C', we have that

P(R>z)~ Hx™¢ (4.1)
for some (computable) constant H > 0 (see Theorem 4.1 in [I5]). The fact that the index of the power

law depends on the distribution of the weights is already promising in terms of our goal of identifying other
sources of power law behavior.

Informally speaking, the recursions studied in [I5] are basically multiplicative away from the boundary.
However, (IT)) always has an additive component given by Zi\il C; R; regardless of how far from the boundary
one may be. Fortunately, due to the heavy-tailed nature of R, our intuition says that it is only one of the
additive C; R; components that determines the behavior of (II]), thus the sum will behave as the maximum
term, simplifying to

N
P <Q +Y CiRi > :17) ~ E[N]P(CR > z), (4.2)

i=1
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assuming that @ has a light enough tail. This heuristic suggests the following generalization of Theorem 2.3
from [I5].

Here, we would like to emphasize that R and C' in the following theorem can be any two independent random
variables that satisfy the stated conditions, i.e., they do not have to be related by recursion (II). Hence,
the theorem may be of potential use in other applications. Note that we prove the theorem for a general
constant m, that in our application refers to E[N], as suggested by (€2]).

Theorem 4.1. Suppose C > 0 a.s., 0 < E[C%logC] < oo for some a > 0, and that the conditional
distribution of log C given C # 0 is nonarithmetic. Suppose further that R is independent of C, mE[C?] = 1,
and that E[RP] < co for some 0 < 3 < 1. If

/ |P(R>t) —mP(CR > t)|t* *dt < oo, (4.3)
0
then
P(R>t)~Ht™", - o0,
where ) N
- a—1 .

The proof of this theorem follows the same steps as Theorem 2.3 from [I5], and is presented in Section

REMARKS: (i) As pointed out in [I5], the statement of the theorem has content only when R has infinite
moment of order a, since otherwise the constant H = (aE[N]E[C®log C])~'(E[R*]— E[N]E[(CR)"]) will be
zero by independence of R and C. (ii) Note that some of the assumptions of Theorem [I] are stronger than
the corresponding ones from Theorem 2.3 in [I5]. In particular, it is no longer the case that E[C*logC] > 0
whenever « solves mE[C%] = 1, since if m > 1 it is possible to construct counterexamples, hence the need to
include this as an assumption. Another difference is our requirement that E[R®] < oo for some 0 < 3 < 1.
In the case of applying Theorem E1] to recursion (L)), the condition on E[R”] is not restrictive since we
readily obtain the moments of R from the computed moments of W,, from Section [3

In what follows we will use the preceding theorem to derive the asymptotic behavior of P(R > x) when R
satisfies (LT)). Here, the main difficulty will be to show that

|P(R > z) — E[N]P(CR > x)| = o(z*™1).

Theorem 4.2. Suppose that 0 < E[C*logC] < oo for some a > 0, the conditional distribution of log C
given C' # 0 is nonarithmetic, and that C' and R are independent where R satisfies recursion ([(LIl). Then, if
E[N]|E[C®] =1, and E[Q®], EIN®V(%9)] < oo for some 0 < € < 1, we have

P(R>t)~ Ht™“, t — o0,

where
1

H= E[N]E[CO‘ logC] /0 vail(P(R > v) — E[N]P(CR > v))dv

E [(Zfil CiR; + Q)a - Zijil(CiRi)a}
aE[N]E[C*log C] '

REMARKS: (i) Note that the second expression for H is more suitable for actually computing it, especially
in the case of a being an integer, as will be stated in the forthcoming corollary. (ii) When « is not an
integer we can derive an explicit bound on H by using the forthcoming Lemma 3] and (@H). (ii) For
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the homogeneous equation (@ = 0) and « > 1, closely related results to our theorem can be found in
Theorem 2.2 of [25] and Proposition 7 of [16]; the latter result covers the lattice case. The approach from

[25] transforms the recursion W 2 Ef;l C;W; for the critical case E[W] =1, E [Efvzl CZ} =1 to a first
order difference (autoregressive) equation on a different probability space, see Lemma 4.1 in [25]. Note that

the tail behavior of W does not imply that of R. Furthermore, it appears that the method from [25] does
not extend to the non-homogeneous case since the proof of Lemma 4.1 in [25] critically depends on having

both E[W] =1 and F [Efvzl Cl} = 1, which is only possible when @ = 0. (iii) Related results for stable

laws have been considered in [28] (see Theorem 6), and more recently, in [24] for 0 < o < 1. (iv) Moreover,
the results obtained in the references cited above appear to be less explicit in the expression for H than
the statement of Theorem 2] as Corollary 1] below illustrates. (v) Furthermore, Theorem ET] and the
preceding technique of Theorem 4.2l can be adapted to analyze other, possibly non-linear, recursions on trees,
e.g., one can characterize the asymptotic behavior of P(R > x) that solves

R=Q+ max C;R;.
1<i<N

(vi) We also want to point out that one can obtain the logarithmic asymptotics of R, that is, the behavior
of log P(R > xz), much easier and under less restrictive conditions, e.g. the C;’s need not be nonarithmetic
(this condition is required because the use of the Renewal Theorem). An upper bound can be obtained from
our moment estimates and the union bound. For the lower bound, we can inductively use

P(R>z)>PW, >xz)>P <1r<nel)§v CiWp-1,>2,N < k)
> E[NP(CWu1 < 2)Nl(n<p ] P(CWnoy > )

and P(CW,,_1 <z) > P(R < z), for all z, to show that for any 0 < € < 1, all n > 0 and « large enough,

P(R>z)>(1—¢)"(E[N])"P (ﬁ C; > x) .
i=1

The proof can be completed by optimizing the choice of n and using standard (Cramér type) large deviations
arguments, more precisely, by choosing the change of measure n(du) = e**E[N]|P(log C € du), and setting
n =logxz/ ey, where p, is the expected value of log C' under the new measure 7. Hence, one can derive with
a considerably smaller effort and more general conditions

log P(R > x) ~ —alogz,

where « satisfies E[N]E[C®] = 1. Therefore, the majority of the work in proving Theorem [£.2] goes into the

derivation of the exact asymptotic. Furthermore, it is worth noting that the logarithmic approach, although

less precise, can be obtained in a more general setting. For example, one can have " to be dependent

across different generations, as in the so called WBP in a random environment. Here, one could derive the
o

asymptotics of log P(R > z) if E [(H?Zl C((Il )1 1)) } satisfies the polynomial type Géartner-Ellis conditions

that were recently considered in [I§].

Corollary 4.1. For integer o > 1, and under the same assumptions of Theorem[{.Z, the constant H can be
explicitly computed as a function of E[R], E[C¥], E[Q¥], 0 <k < a — 1. In particular, for o =1,

_ E[Q]
H= E[N]E[ClogC]’
and for a = 2,
g - FlQ? + 2E[QIE[CIE[NE(R] + 2E[N (N — D(E[C]E[R])* B[R] = E[Q]
N 2E[N|E[C?1og C] ’ 1 — E[N]E[C]
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Proof. The proof follows directly from multinomial expansions of the second expression for H in Theo-
rem

Before giving the proof of Theorem we state the following three preliminary lemmas. Their proofs are
given in Section

Lemma 4.1. Suppose that 0 < E[C*logC] < oo for some o > 0 and E[N|E[C*] = 1. Assume also that
E[Q*], E[N°V1] < co. Then,
E[R’] < o0

forall0 < g < a.

Proof. The result follows from Lemma [3.3] by simply noting that the assumptions imply that E[N]E[C?] <
1 for all g < a.

Lemma 4.2. Let a > 1 and p = [a] € {2,3,4,...}.

1. For any sequence of nonnegative numbers {y;}i>1 and any k € {1,2,3,...} we have
k « k
(Xn) =3
i=1 i=1
2. For any sequence of #id nonnegative random variables {Y,Y;}i>1 and any k € {1,2,3,...} we have

)5

i=1

E < kaE[yp—l]a/(P—l)_

Lemma 4.3. Suppose {C,C;} and {R, R;} are iid sequences of nonnegative random variables independent
of each other and of N. Assume that E[C®] < oo, E[N'T¢] < 0o for some 0 < € < 1, and E[R®] < oo for
any 0 < B < a. Then,

N «
E (CiRi)a — ( max CZR1> < 0.
1<i<N

0< / (E[N]P(CR >t)—P ( max C;R; > t)) g = Lp
0 1<i<N « P

Proof of Theorem[/.3. By Lemma 1l we know that E[R’] < oo for any 0 < 8 < a. The statement of
the theorem with the first expression for H will follow from Theorem [£1] once we prove condition (@3] for
m = E[N]. Define

N
R* =Y CiRi +Q.
i=1
Then,

IP(R > t) — E[N]JP(CR > t)] < ‘P(R >t)—P (131% CiR; > t> ‘

+ }P (1311_%\, CiR; > t> — E[N]P(CR > t)} .
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Since R e R* > maxi<i<n C;R;, the first absolute value disappears. For the second one note that by the
union bound

E[N]P(CR>1t)— P (113;? CiR; > t) E[NP(CR>t)—1+P(CR<t)N] > 0.
It follows that
|P(R>1t)— E[N]P(CR>1t)|<P(R>t)—P (1r<niag§v CiR; > t)
+ E[N]P(CR > t)— P (1I<nza<x CiR; > t) (4.4)

Note that we only need to verify that

/ <P(R>t)—P(max CiR; >t>)to‘1dt<oo,
0 1<i<N

since the integral corresponding to (@4 is finite by Lemmal43] To see this note that R L R* and L(re>t) —
Limax,<;<n CiR;>t) = 0, thus, by Fubini’s Theorem, we have

/ <P(R >t)—P ( max C;R; > t)) t*tdt = lE [(R*)O‘ - < max C’iRZ—) } .
0 1<i<N a 1<i<N

B
If 0 < @ <1 we apply the inequality (E —1 xz) < Zle x? for 0 < 8 <1, x; >0, to obtain

)

a N «
*\o . < «a RN\ R

E {(R ) (122?5\; CzR1> } <E|Q +Z;(CZR1) <11<nizg§v 01R1>

which is finite by Lemma and the assumption E[Q?] < co. If a > 1 we have (Ele xi)a > Ele z$ by

Lemma [£2] so we can split the expectation as follows

a N o

which can be done since both expressions inside the expectations on the right hand side are nonnegative. The
second expectation is again finite by LemmalL3l To see that the first expectation is finite let S = Zil C;R;
and note that R* = S + @, where S and @ are independent. Let p = [«] and note that 1 < p—1 < a.
Then, by Lemma [£32],

N

(R")* =) (CiRy)"

i=1

+F

)

N
-Y (GR

i=1

=FE[(S+Q)* -S|+ E (Zczz) — > (CiR)"

=1
E[(S +Q)* — S°] + E[N®] (E[(CR)P~1])*/(P=1),

The second expectation is finite since by Lemma B3] E[R®] < oo for any 0 < 3 < a. For the first expectation

we use the inequality
<x+t)n<{l’“+t“, 0<r<l,

o+ (z+ 1), k>,
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for any z,t > 0. We apply the second expression p — 1 times and then the first one to obtain

p—2 p—1
(,T + t)a <z 4+ (,T + t)a_lt <<%t Z(Ea_iti + (CL‘ + t)a—p-i—ltp—l <z Y+ Z.’L’a_iti.
i=1 =1

We conclude that .
—

E[(S+Q)* -5 < E[Q*] + Y_ E[S“|E[Q"], (4.5)

i=1
where B[S~ < E[(R*)*"%] < oo for any 1 <i < p — 1 by Lemma B3

Finally, applying Theorem (1] gives
P(R>t) ~ Ht™®,

where H = (E[N]E[C*1og C])* [ v* Y (P(R > v) — E[N]P(CR > v)) dv.

To obtain the second expression for H note that

/Oo v* Y (P(R > v) — E[N]P(CR > v)) dv
0

00 N
- /; vt (E [1(E£V:1 CiRi+Q>U):| -F Z 1(CiRi>v)‘|> dv
=1

00 N
= E ‘/O ,UOl—l <1(Z§V1 ClR1+Q>’U) — Z 1(C1R7,>’U)> dv] (4-6)
i=1
SN CiRi+Q N ,CiR;
=F / v v — Z/ v* (4.7
0 =170
1 N @ N
=—F CiR; - CiRi)™ |,
e[ (Famre) - pem

where (L6 is justified by Fubini’s Theorem and the absolute integrability of v*~*(P(R > v) — E[N]P(CR >
v)), and (7)) is justified from the observation that

N

VT s Grrgey and 0T Y oy
=1

are each almost surely absolutely integrable as well. This completes the proof.

5. The case when the N dominates

We now turn our attention to the distributional properties of R, and R when N has a heavy-tailed
distribution (in particular, regularly varying) that is heavier than the potential power law effect arising
from the multiplicative weights {C;}. This case is particularly important for understanding the behavior of
Google’s PageRank algorithm since the C;’s are smaller than one and the in-degree distribution of the Web
graph is well accepted to be a power law. We start this section by stating the corresponding lemma that
describes the asymptotic behavior of R,,. The main technical difficulty of extending this lemma to steady
state (R = Ro) is to develop a uniform bound for R — R,,, which is enabled by our main technical result of
this section, Proposition 5.Il The proof of the lemma is given in Section

Lemma 5.1. Suppose N is regularly varying with index o > 1 and suppose E[Q*T¢] < oo, E[C*T¢] < oo for
some € > 0. Let p = E[N|E[C] and p, = E[N]|E[C?®] and assume that Ro; = Q; for all i (so that Ry = Wy
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coincides with the tree construction of Ry ). Then, for any fized n € {1,2,3,...},

P(R, > x) ~ % > ph(1—=p" M) P(N > ) (5.1)
k=0

as r — Q.

Lemma 5.2. Suppose N is regqularly varying with index o > 1 and suppose E[Q*T¢] < oo, E[C*T¢] < oo
for some € > 0. Let p = E[N|E[C] and po = E[N|E[C?]. Then, for any fired n € {1,2,3,...},
n—1
P(W, > ) ~ (BICIBIQD® 3 plp® 1P P(N > 1)
k=0

as r — Q.

From this result it is to be expected that a bound of the form
P(W, >z) < Kn"P(N > z)

might hold for all n and x > 1, for some p V po, < 1 < 1. Such a bound will provide the necessary tools to
ensure that R — R,, is negligible for large enough n, allowing the exchange of limits in Lemma 5.l Proving
this result is the main technical contribution of this section; the actual proof is given in Section [[.3l This
bound may be of independent interest for computing the distributional properties of other recursions on
branching trees, e.g. it is straightforward to apply our method to study the solution to

R=Q+ max C;R;.
1<i<N

Proposition 5.1. Suppose P(N > z) = 2~ *L(x), with L(-) slowly varying and o > 1, E[C*T"] < oo,
E[Q*""] < oo for some v > 0, and let E[N]max{E[C®], E[C]} < n < 1. Then, there exists a constant
K = K(n,v) >0, that does not depend on n, such that for alln > 1 and all x > 1,

PW, >z) < Kn"P(N > x). (5.2)

We would also like to point out that a bound of type ([B.2]) resembles a classical result by Kesten (see Lemma 7
on p. 149 of []) stating that the sum of heavy-tailed (subexponential) random variables satisfies

P(Xi+-+ X, >2) < K(1+€"P(X1 > 1),

uniformly for all n and z, for any € > 0 (see also [I3] for more recent work). The main difference between
this result and ([B.2]) is that while n above refers to the number of terms in the sum, in (5.2) it refers to
the depth of the recursion. This makes the derivation of (B.2]) considerably more complicated, and perhaps
implausible if it were not for the fact that we restrict our attention to regularly varying distributions, as
opposed to the general subexponential class.

In view of (5:2), we can now prove the main theorem of this section.

Theorem 5.1. Suppose P(N > x) = x~*L(x), with L(-) slowly varying and oo > 1. Let p = E[N]E[C] and
pa = E[N]|E[C®]. Suppose pV po < 1, and E[C*T], E[Q*T¢] < 0o for some € > 0. Then,

(ECIEQD"

I (e ey

P(N > zx)

as r — Q.
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REMARKS: (i) A related result was derived very recently in [32] using transform methods and tauberian
theorems under the more restrictive conditions E[Q] < 1, E[C] = (1 — E[Q])/E[N]. (ii) Note that this
result implies the classical result on the busy period of an M/G/1 queue derived in [12]. Specifically, the

total number of customers in a busy period B satisfies the recursion B 2, + Zfi(ls ) B;, where the B;’s are
iid copies of B, N(t) is a Poisson process of rate A and S is the service distribution; {B;}, N(¢) and S are
mutually independent and p = E[N(S)] < 1. Now, the recursion for B is obtained from our theorem by
setting C' = 1 and Q = 1, implying that P(B > x) ~ P(N(S) > z)/(1 — p)®T!. Next, one can obtain the
asymptotics for the length of the busy period P by using the identity B = N(P). This can be easily derived,
in spite of the fact that N(¢) and P are correlated, since N(t) is highly concentrated around its mean. For
recent work on the polynomial asymptotics of the GI/GI/1 busy period see [34]. (iii) In view of Lemma 5.1}
the theorem shows that the limits limg_,oo limy, oo P(R, > x)/P(N > z) are interchangeable.

Proof of Theorem[51l Fix 0 < § < 1 and ng > 1. Choose pV p, < n < 1 and use Proposition (1] to
obtain that for some constant Ky > 0,

P(W,, >z) < Kgn"P(N > x)
for all n > 1 and all z > 1. Let H{"™ = (E[CIE[QN)*(1—p) > g pE(1 = p"*)® and H, = H$®. Then,
|P(R > xz) — HyP(N > x)|

<|P(R > z) — P(Rp, > )| (5.3)

+ }P(Rno > 1) — H™P(N > a:)’ (5.4)

+ 1D ok = pmo R =" | (1= pa) Ha P(N > ). (5.5)
k=0 k=0

By Lemma 511 there exists a function ¢(z) | 0 as @ — oo such that
‘P(Rno > 1) — H™P(N > a:)’ < o(2)HoP(N > ).

To bound (53) let § = '/(22+2) < 1 and note that

|P(R>z)— P(Rp, > )] < P(Ry, + (R—Rp,) >z, R— Ry, <6x) — P(Rp, > x)
4+ P(R— Ry, > o)

< P(Rpy > (1 8)z) — P(Rny > ) +P< i W, > &:)

n=no+1
< P(Rpy > (1= 68)z) — H"P(N > (1 - 6)x)
+ H"P(N > z) — P(R,, > )
+HP(N > (1—-68)x) — H"™P(N > )

+ > P (W, >da(1—p)pr )

n=no+1
< 2ot - 9 2L

(B

+ > Kg"P(N>dx(1-p)g" "),

n=no+1
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where in the last inequality we applied the uniform bound from Proposition i1l The expression in curly
brackets is bounded by

20((1 — &)x)(1 — 5)“’3((2(7;35)“’) + ((1 - 5)“% - 1) —(1-0)"—-1

as ¢ — 0o. By Potter’s Theorem (see Theorem 1.5.6 (ii) on p. 25 in [7]), there exists a constant A > 1 such
that

Z Kon"P (N > dz(1 — p)pn—m1)

n=nog+1

< KoA Z — 3BT P(N > 1)

n=no+1
= KoA(5(1 = 8)) > (1 =n'/?) "y L P(N > )
< K5y P(N > ).

Next, for (5E) simply note that

no
(1= pa) |Y_pE(1—pmoh) Zpa
k=0
no
= (1= pa) Y ph (1= (1= p" ")) + (1 = pa) Z oh
k=0

k=ng+1

o

< (1=pa) Y phapmok 4 prot?

k=0
< a1l = pa)(no +1) + pal(pa V p)™
< Kn"°.
It follows that
P(R > zx)

lim 1< (1=0)" =14+ K5 Iy,

z—oo | HyP(N > x)

Since the right hand side can be made arbitrarily small by choosing ¢ and ny appropriately, the result of the
theorem follows.

Engineering implications. Recall that for Google’s PageRank algorithm the weights are given by C; =
¢/D; < 1, where 0 < ¢ < 1 is a constant related to the damping factor and the number of nodes in the Web
graph, and D; corresponds to the out-degree of a page. We point out that dividing the ranks of neighboring
pages by their out-degree has the purpose of decreasing the contribution of pages with highly inflated
referencing. However, Theorem [5.1] reveals that the page rank is essentially insensitive to the parameters of
the out-degree distribution, which means that PageRank basically reflects the popularity vote given by the
number of references N.

Furthermore, Theorem [T clearly shows that the choice of weights C; in the ranking algorithm can determine
the distribution of R as well. Note that for the PageRank algorithm the weights C; = ¢/D; < 1 can never
dominate the asymptotic behavior of R when N is a power law. Therefore, Theorem 1] suggests a potential
development of new ranking algorithms where the ranks will be much more sensitive to the weights.
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6. The case when the Q’s dominate

This section of the paper treats the case when the heavy-tailed behavior of R arises from the {Q;}, known
in the autoregressive processes literature as innovations. The results presented here are very similar to those
in Section [B, and so are their proofs. We will therefore only present the statements of the results and skip
most of the proofs. We start with the equivalent of Lemma [5.1] in this context; its proof is given in Section

4

Lemma 6.1. Suppose Q is reqularly varying with index o > 1 and suppose E[N*T¢] < oo, E[C*T¢] < 00
for some € > 0. Let po, = E[N]|E[C?*] and assume that Ro; = Q; for all i (so that Ry = Wy coincides with
the tree construction of R, ). Then, for any fized n € {1,2,3,...},

n

P(R, >x) ~ Y phP(Q>x)
k=0

as x — oQ.
As for the case when N dominates the asymptotic behavior of R, we can here expect that
P(R > ) ~ (1 - pa) " P(Q > ),

and the only technical difficulty is justifying the exchange of limits. The same techniques used in Section
can be used in this case as well. Therefore, we give a sketch of the arguments in Section [Z.4] but omit the
proof. The following is the equivalent of Lemma

Lemma 6.2. Suppose Q is regularly varying with index o > 1 and suppose E[N®T¢] < oo, E[C*T¢] < oo
for some € > 0. Let p, = E[N|E[C%]. Then, for any firzed n € {1,2,3,...},

P(W, > ) ~ pLP(Q > x)

as r — Q.

The corresponding version of Proposition [5.1]is given below.

Proposition 6.1. Suppose P(Q > z) = x~*L(z), with L(-) slowly varying and o > 1. Suppose
E[N]max{E[C*], E[C]} < 1, and E[C*t"], E[N*""] < oo for some v > 0. Then, for any E[N|E[C*] <
1 < 1 there exists a constant K = K(n,v) > 0, that does not depend on n, such that for all n > 1 and all
z>1,

P(W, >z) < Kn"P(Q > x).

A sketch of the proof can be found in Section [7.4

And finally, the main theorem of this section. The proof again greatly resembles that of Theorem [E.1] and
is therefore omitted.

Theorem 6.1. Suppose P(Q > x) = 2~ *L(x), with L(-) slowly varying and a > 1. Let p, = E[N]E[C?].
Suppose pV po < 1, and E[C*T¢], E[N*T¢] < oo for some € > 0. Then,

P(R>z) ~ (1= pa)”'P(Q > 2)

as r — Q.
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Compare this result with Lemma A.3 in [26], where the autoregressive process of order one with regularly
varying innovations is shown to be tail-equivalent to @. In particular, if we set N = 1 in Theorem and
let A = Hf;ll C;, our result reduces to

P (Z A:Q1 > ) ~ Y EAIP@Q > ),
k=0 k=0

which is in line with the commonly accepted intuition about heavy-tailed large deviations where large sums
are due to one large summand Q.

7. Proofs

This section contains the proofs to most of the results presented in the paper, along with some auxiliary
lemmas that are needed along the way. The section is divided into four subsections, each corresponding to
the content of Sections Bl [ Bl and [6] respectively.

7.1. Moments of W,

Here we give the proof of the moment bound for the a-moment, a > 1, of the sum of the weights, W,, of the
nth generation. As an intermediate step, we present a lemma for the integer moments of W,,, but first we
give the proof of Lemma

Proof of Lemma[{.3 Let {y;}:>0 be a sequence of nonnegative numbers. When k = 2 we have

vty (Cw N (e T _wm L w
(1 +y2)*  \v1+u2 yity2) T yitye oyt

The first statement of the lemma follows by induction on k.

For the second statement let p = [a] € {2,3,...} and 8 = a/p € (0,1]. Define A,(k) = {(j1,...,jx) € Z"* :
jl++]k:p70§jl <p} Thenu

(&) - ()

B
k » ) )
p J1 Jk
( Yi (]17"'7]k>y1 yk

=1 (J15--dK)EAp(K)

B

s p j j
Sny + Z (jl,...,jk>y{1'”yik :

=1 (J15--50K) EAp (K)

¢
where for the last step we used the well known inequality (Zle :vi) < Zle :vf forO0<fg<landz; >0
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(see the proof of Lemma B.]). We now use Jensen’s inequality to obtain

o B8
k k
_ a p Ji, . y7
e|(xr) -yl 2 (0 e
=1 i=1 (J1seeesdi) EAp (k) ’ ’
B
p ) .
< E ) ] le.”YJk
- X Z <]17"'7]k) ! k
(J1se-dk)EAp(K)
B

o2 G el ]
) ‘ JlseeyJk k
(J1seedk) EAp(K)
Since the {Y;} are iid, we have
Ik’

B[Vt ¥i = VI v

where ||Y||, = E[|Y|*]'/* for k > 1 and ||Y]|o £ 1. Since ||[Y]|, is increasing for £ > 1 it follows that
V{5 < [[Y]]7- . Tt follows that

Y5 - Y15 < YT,

gk —

which in turn implies that

o B
k k
o p
" (ZYJ _ZYi = Z (jl jk)”YHz_l
i=1 i—1 (G1,mrdn) EAp(R) 77777
= [|Y |2, (kP — k)P
< |[Ylp—1 k.

Lemma 7.1. Suppose E[QP] < oo, E[NP] < oo, and E[N]max{E[C?], E[C]} < 1 for somep € {2,3,...}.
Then, there exists a constant K, > 0 such that

E[WY] < K, (E[N]max{E[C], E[C"]})"

for alln > 0.
Proof. Let Y = CW,_1), where C' is independent of W,,_; and let {Y;} be independent copies of Y. We
will give an induction proof in p. For p = 2 we have

EW:=E (ZNj Y)

[~
A PRED MY
| i=1 i#j
= E[N]E[Y? + E[N(N - 1)]E[Y]?
= E[N|E[CHE[W?2_,] + E[N(N — 1)|(E[C|E[Wy—1])*.
Using the preceding recursion, letting p = E[N]E[C], p2 = E[N]E[C?], and noting that,

BW,-1] = p" ' EIQ],
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we obtain
E[W;] = pE[W; ]+ Kp*" ™Y, (7.1)
where K = E[N(N — 1)](E[C]E[Q])?. Now, iterating (7)) gives

E[W3] = ps (ng[Wﬁ_z] + KpQ("*2)> + K 2D
n—2
= (REWR + K) + K> ph p*n =170
i=0
n—1 . -
= p2E[Q2] +sz12 p2(n7171)
i=0

|
—

n

< (p2 \ P)"E[Q ] + K(pg V p)" (p2 \/ p)"_Q_i

=0
< | mQ+ & i(ﬂz V) | (p2Vp)"
P2V p =3
= Ka(p2 V p)".

Next, for any p € {2,3,...} let p, = E[N]E[C?]. Suppose now that there exists a constant K, _1 > 0 such
that

EWE < Kp-1 (pp-1 V)" (7.2)
for all n > 0. By Lemma we have
=Y E <Z Y) =k)
k=1 =1

<y (kE Y] + kP (E [Y”‘l])”/(”‘l)) P(N = k)

k=1
= E[N]|E[CPIE[WP_,] + B[NP|(E[CP~))P/®= 1) (E[wP— )P/ =D
< p, E[WP_,] + E[NPI(E[CP~ )P/ =D (K, _1 )P/ "=V (p,_1 v p) =D/ (p=1)

where the last inequality corresponds to the induction hypothesis. We then obtain the recursion

—p

B[WP) < pp EIWE_] + K(pp 1 v p) 5 (73)
where K = E[N?](E[CP~1])?/P=V (K, _,)P/(P~1) Tterating (T3) as for the case p = 2 gives

n—1
(n—1—4)p
EWZ < ppE[Q"1+ K> ph(pp-1Vp) 77
1=0
n-l (n—1)p—i
<(ppVO)"E[QUI+ K (ppVp) ot
i=0

n—i—p

= (pp V p)"E[Q"] + K(pp V p)" Z ppV p) Pt
=0

< | EQ"+ K(pp v )Y (0p v 0) 77 | (pp V )"
7=0

= Kp(pp V p)".
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The proof for the general a-moment, a > 1, is given below.

Proof of Lemmal32 Set p = [a] > « > 1. Since the result when 8 = 0 follows from Lemma [TT], we
assume that 3 > 0. Let Y = CW,,_y, where C is independent of W,,_; and {Y;} are independent copies of
Y. Also, recall that p = E[N]E[C] and p, = E[N|E[C®]. Then, by Lemma 2]

(if)aa
(&)
([(5) -Sorfer

(k"‘E [yr-1je/e=1) 4 kR [Ya]) P(N = k)

M%i‘t”ﬁ% i

N =k)

+E

JEERE

paEIW 1]+ EINCJ(E[CP )™ =D (BWZ )/ *—,

IN

By Lemma [T1]
EW3] < paEWi ] + E[NUE[CP ) P=D (Kypr(ppr V p)" ) 07D
= PaBIWE ]+ K(ppe1 V p) ",
where v = a/(p — 1) > 1. Finally, iterating the preceding bound n — 1 times gives

n—1

EWS) < pLEWS) + K Y pipV pper)? 10
1=0
n—1

S EWG(pVpa)" + K Z(p v pa)v(n—l—i)-m‘
i=0

n—1

= E[Q)(pV pa)" + K(pV pa)" > (pV pa) Y
1=0
S Ka(p vV pa)n-

This completes the proof.
7.2. The case when the C’s dominate: Implicit renewal theory

In this section we give the proofs to Theorems £ and Lemma

Proof of Theorem [{.1 For any k € N define II, = Hle C; and Vj, = 22:1 log C;, where the C;’s are
independent copies of C. Then, for any t € R,

P(R>e") =) (m"'PIL_1R > e') — m"P(IR > €')) + m"P(Il,R > ¢')

M- IM-

(mkflP(er*IR > e') —mFP(e"*1CR > e")) + m"P(e""R > ¢')

il
-

mk/ (P(R>¢€"")—mP(CR>¢€"")) P(Vj € dv) + m"P(e'""R > ¢').

— 00

b
Il
=]



Information Ranking and power laws on trees 25

Next, define

Up(dt) = et kaP(Vk € dt), g(t) = e*(P(R > e") —mP(CR > €')),

r(t) = e P(R > ") and 5n(t) =m"P(e"" R > e').

Then, for any t € R and n € N,
r(t) = (g va—1)(t) + 0n(t).
Next, define the operator

and note that

#t) = /_OO e~ (g% 1) () du + 5, (1)
_ /_; (=) /_Z 9t — 0) vy (dv) du + 5u(t)
_ /_ O:O /_ :O == g(u — v) duvn_1 (dv) + 3u(t)
7 a = 0) v (d0) + 5u(t)
=(j :o Vn—1)(t) + 3n(t). (7.4)

Next, we will show that one can pass n — oo in the preceding identity. To this end, let n(du) =
e“mP(logC € du), and note that by assumption p = E[C*logC] € (0,00), so n(-) is a nonarithmetic
measure on R that places no mass at —oo. Also,

/00 n(du) = mE[e*1°8°] = mE[C*] = 1

— 00
and

/ un(du) = mE[e*'°¢ log C] = mE[C*log C] = mu

— 00

imply that 7(-) is a probability measure with mean my. Moreover,

dt) = mFe P(V € dt)
k=0

is its renewal measure Y~ n*". Since mp # 0, then (|f| * v)(t) < oo for all ¢ whenever f is directly
Riemann integrable. By (@3] and Lemma 9.2 from [I5], g is directly Riemann integrable, resulting in
(1g] * v)(t) < oo for all t. Thus, (|g] * v)(t) = E [Y ey mPe®Vs|g(t — Vi)|] < co. By Fubini’s theorem,
E [ 52 mPeVeg(t — Vi)] exists and

oo
E mkeo‘vk (t—Vi)
k=0

n—oo

iE FeVig(t — Vi)] = lim (§* vn)(t).
k=0
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The fact that 8, (t) — 0 as n — oo for all fixed ¢ follows from

5 ¢

on(t) = / eI PR > %) du

t BVn RB
< e,t/ eumn% du (fOI‘ some 0 < 6 < 1)

e~ Pt n
= 1_BE[Rﬁ](mE[Cﬁ]) -0

as n — oo. Hence, the preceding arguments allow us to pass n — oo in (Z4]), and obtain

(t) = (g v)(D).

Now, by the key renewal theorem for two-sided random walks in [4],

t

€ 1 (o)
eft/ v*P(R > v)dv =T(t) — —/ g(u)du = H, t — o0,
0

while Lemma 9.3 in [I5] implies
P(R>t)~ Ht™%, t — oo.

= / / u) du dt
mu

Finally,

= mi,u /OO v* 1 (P(R > v) —mP(CR > v)) dv.

We end this section with the proof of Lemma

Proof of Lemma[{.3 That the integral is positive follows from the union bound. That

0o N «a
— R. a—1g4p _ — P>
/0 (E[N]P(CR >t)— P (lrgnizgv CiR; > t)) t*ldt = —E | > (CiRy) (121&3 CiR; )

i=1
follows from similar arguments to those used to derive the alternative expression for H in the proof of
Theorem The rest of the proof shows that the integral is finite.

Clearly

/01 <E[N]P(CR >t)—P ( max C;R; > t>) et < E[N]/Olt‘”dt =0

1<i<
Hence, it remains to prove that the remaining part of the integral ( floo = -dt) is finite. To do this, we start

by letting Y = CR and F(y) = P(Y <y). Then

E[N|P(CR>1t)—P <1211ax CiR; > t> 3 (F(t)" =14+ KkF(t)) P(N = k)
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Use the inequality 1 — z < e™* for > 0 to obtain
E[Q1-F@®)N -1+ NF(t)] <E [e—f“ﬂv 1+ NF@)).
Choose 0 < § < ae/(1+¢€) (recall that 0 < € < 1) and let = a— . By Markov’s inequality and Lemma [3.3]
F(t) <t PE[YP] =t PE[R|E[C’] 2 ct7" < o0

for any t > 0. Note that the function h(z) = e~® — 1 + z is increasing on [0, ), so h(NF(t)) < h(cNt=P).
By Fubini’s Theorem (the integrand is nonnegative),

/ (E[N]P(CR >t)— P ( max C;R; > t)) o1t < E U (e*cNt*B —1+ Nt’ﬁ) go1 dt} .
1 1<i<N 1

Using the change of variables u = ¢cNt=? gives

00 cN
/ (eiCNFB -1+ Ntfﬁ) to~tdt = (CN)O‘/ﬁ/ (e —1+4u) w8 gy,
1 0
< (CN)O‘/ﬁ/ (e™* —1+u) w1 .
0

Our choice of # = a — § guarantees that 1 < /B < 1+¢, so E[(cN)*/f] < oo. Tt only remains to show that
the last (non-random) integral is finite. To see this note that e=® — 14+ < 22/2 and e=® — 1 < 0 for any
x > 0, so

[e%s) 1 1 [e’e)
/ (e_“—l—l—u)u_o‘/ﬁ_ldug—/ ul_o‘/ﬁdu—i—/ w8 dy
0 2 Jo 1
1 1

“22-a/f) i1

This completes the proof.

7.3. The case when the N dominates

This section contains the proofs of Lemma [5.1] and Proposition (.11 We also present in Lemma a result
for sums of iid truncated random variables that may be of independent interest in the context of heavy-tailed
asymptotics, since it provides bounds that do not depend on the distribution of the summands. Most of the
work involved in its proof of Proposition [5.1] goes into obtaining a bound for one iteration of the recursion
satisfied by W,,, and for the convenience of the reader is presented separately in Lemma

Proof of Lemmalidl We proceed by induction in n. For n =1 fix a/(a + €) < § < 1 and note that

N
P(Rl >x):P<ZCiRO,i+Q>$>

=1

N
_P<ZC’1-Q1->$—Q,Q§:E5>+P(Q>x5)
=1

~P (i C,0; > x) +0 (x—5<a+ﬁ>)

~ P(N7> 2/E[CQ)]) + o(P(N > z))
~ (E[CIEQ])*P(N > z),
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where the fourth step is justified by Lemma 3.7(2) from [19]. Now suppose that we have

P(R, > x) ~ % ép’;(l —p"FeP(N > z).

Note that since E[C*T¢] < 0o, then by Lemma 4.2 from [19],
P(CR,, > z) ~ E[C*|P(R,, > x).
Let ¢! = E[C|(E[C]E[Q])* (1 — p)=* Xj_o pa(1 — p" %), then
P(N > z) ~ cP(CR,, > x),
and by Lemma 3.7(5) from [19] we have

P(Rn41 >z)=P ch m—i—Q>x>

~ (E[N] + c«(E[CR,])*)P(CRy > )
~ (E[N]+ ( [CRu))*)c™ P(N > x).
Next, observing that E[R,] =Y 1 E[W;] = E[Q] >i_, p' = E[Q](1 — p"*1)/(1 — p), we obtain

(MM+dmmmwk1‘Q“+mm£§i£@@;km)%@ﬂgwgyﬁhwnha

= (pa Zpi(l — p"*k)a + (1 . anrl)a) W

k=0

_(BICIEIQD® "= hry mi1ka

Lemma [T2 below is based on traditional heavy-tailed techniques such as those used in [27] and []], to name
some references. The reason why we need to give complete proofs here and cannot simply use existing results
is our need to guarantee that the bounds do not depend on the distribution of the summands, which will

be key when we apply them to W,. The corollary we obtain from this lemma will be used in the proof of
Lemma [7.3

Lemma 7.2. Suppose that Y1,Ys,... are nonnegative iid random variables with the same distribution as 'Y,
where E[Y?] < oo for some 3> 0. Fiz 0 < e < 1. Then,

1. for0<p<1,1<k<a2f/E[YP], and z > e(Ke)l/(lfﬁ),

k

(ZY >, max Y, <z/ 10gx> <e U~ B)(tog ) log log ) (1~ (1712’);52?11,“)7
1<i<

i=1

2. for >1,1<k <(1—e€)x/(E[Y]V E[Y?)), and x > €%V (Ke/e)?/ (1

k
(ZY >, ax Y; <z/ log:C) < e (8- 1)(log @) (1— 128 — 108(Ees/9 )4 (5-1)°
=1
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where K > 1 is a constant that does not depend on'Y, € or k.

Proof. Let F(t) = P(Y <t), set y = z/logz and note that

k k
E : () k
. . < .
P < Y, >z, 1rélzagxk1ﬁ y) P <§_1 Y > ;v) F(y)*,

=1

where P(Y®) < t) = F(t Ay)/F(y). Fix # > 1/y and use the standard Chernoff’s bound method for
truncated heavy tailed sums (see, e.g. [27, 8]) to obtain

k
»1k
i <Z > z) < B[] = e B [ lyey ] F)

i=1
From where it follows that

k k

P <Z Yl-(y) > x) Fy) <e%E [eeyl(ygy)} .
i=1

To analyze the preceding truncated exponential moment suppose first that 5 > 1. Then, by using the
identity

B[y = / " F(t)dt (7.5)
0
we obtain

y
E["1(y<y,] =F(0) — ?F(y) + 9/ PTF(t) dt
0

1/6 1/6 . y .
< 1+9/ F(t) dt+9/ (e —1)F(t) dt+9/ PTF(t) dt
0 0 1/0

1/6 . y .
< 1+9E[Y]+692/ tF(t) dt+9/ TF(t) dt
0 1/6

ef2N\B Y _
<1+0EY]+ ——E[Y*| 10 / ePTF(t) dt, (7.6)
2NB 1/6

where in the second inequality we use e* — 1 < ze®, x > 0, and in the last inequality we use 2~ (") <
6—2+(AB) and (TH) with n = 2 A 3. Similarly, if 0 < 8 < 1, then

/6 y .
E [ 1y<y] < 1+9/ F(t) dt+9// " F(t)dt
0 1/6

ebP y —
<1+ —E[Y?]+ 9/ eVF(t) dt. (7.7)
B 1/6

Next, by Markov’s inequality we have .
F(t) < E[YP)t=F,

which, in combination with (Z6) and (T7), gives
L+ 0E[Y] + S B2 + E[Y?)0 [}, "t~ Pdt, B> 2,

E[e" 1(y<y] < {1+ 0EY] + %E[Yﬁ] +EB[YP)Y [{ et dt, 1< B <2, (7.8)
1+ LEBY O] + B[l [, et P, 0<B<1.
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To analyze the remaining integral we split it as follows,

y y/2 y
9/ Bt < 91+5/ eOtdt + 9/ P dt
1/0 1/6 y/2

1
< PP/ 4 9y17ﬁ/ ey =P du
1/2
1
< 0PeP/2 4 gyt =Pof / eV du
1/2

< 05 e0Y/2 4 988y —5,
from where it follows that

Yy
2e0°E[YP) + E[Y7]0 / 't Pat
1/6

< 2e0°E[YP] + E[YP0%e/2 + E[yP]20e0vy~F
< 2PE[YP)ebfvy—F (1 + 2P (y)Pe % + 27ﬁ(9y)56797’/2)
< 2PE[YPlebfvy=F <1 + 2esupt’e”" + sup tﬁet> .
t>1 t>1/2
Hence, we have shown that

Y
2e0° E[Y7] + E[YB]Q/ "t~ Pdt < KE[YP)e"y ™7,
1/6

where K = 2° (1 + (2e + 1) sup tfe~t) does not depend on Y or #. Replacing the preceding inequalit
t>1/2 g g y
in (T.8) and using 1+t < e’ give,
efe(mka[Y])JrekezE[Y2]+KkE[Y’8]eeyy*’8, B> 2,

e OB [ 1(yeyy]” < { e 0@ REYDFRREY ey~ 1<B<2, (7.9)

670m+KkE'[YB]e‘gyy*/j7 0< 6 <1.

Now, to complete the proof, we optimize the choice of # in the preceding bounds. For 0 < 8 < 1, choose
0= %log (W) and note that for all 1 < k < 2°/E[Y?] and > e(Ke) /177

logz)!=#
0y > log (%) > 1.

Then,

—(logz) lo 2P og o)1 8
e—@m-ﬁ-KkE[YB]eeyy’B:e g ) 108 KekE[YB]

oga)l =B
< e—(logﬂa)log(i(1 g2l )

1 K
— o~ (1=B)(logz)(log log @) (1—astei) )

Now, for 3> 1, set 6 = %log (%) and note that for and z > e? Vv (Ke/e)?/(8=1),

p-1 (B-1)/2
fy > log <€yK > > log <6‘TT> > 1.
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Then, for 1 < f<2and all 1 <k < (1-e€)z/(E[Y]V E[Y?),

_(==kEY]) (e kBY]Y” 81 (z=kB[Y])
o~ 0@—KEY))+KEE[Y ]e?y=" _ IOg( >+kE[Y I—=

oo tog (22 )

1 K
—1)(log z)? (1—ofieas — gos(fesa )

< 6*5(5

In addition, for 8 > 2 note that

1N 2
sup k0> E[Y?] < sup & <10g <yi{1>) < sup e(8 —1)2(log x)* _ (51

x>e x>e y x>e X

Finally, by combining the preceding two bounds with the first two inequalities in (Z9), we derive

k
(ZY >, max Y; < y) < e~ e(B-Dlloga)® (1- 8= — AU )4 (5-1)°
i=1

for any 5 > 1.

As an immediate corollary to the preceding lemma we obtain:

Corollary 7.1. Suppose that Y1,Ys,... are nonnegative iid random variables with the same distribution as
Y, where E[Y®] < co for some 3 > 0. Then, for any k > 0 there exists a constant xo > 0 that does not
depend on k or the distribution of Y such that

k
sup <ZY>:1: maxY<3:/log3:> <z "

1<k<mg(x) i=1

for all © > xq, where

e
CCT L
ey B> 1L0<e<L

Lemma[l3] below gives a bound for the distribution of W,,11 in terms of that of W,,. This lemma can also be
used to prove the corresponding uniform bound for W,, in the case when the @’s dominate recursion (L).

Lemma 7.3. Suppose that P(N > z) < z “L(x), with a > 1 and L(-) slowly varying. Suppose
E[N]max{E[C*],E[C]} < 1. Then, for any ¢ > 0, 0 < ¢ < 1, 0 < § < 1A (a—1)/2, and
E[N]max{E[C?], E[C]} < n < 1 there exist constants K = K(d,¢e,¢,n) > 0 and o = zo(d,¢,¢,m) > 0,
that do not depend on n, such that for all 1 <n < clogx/|logn| and all x > xo,

P(Wyiy > z) < Kn@Ne=ng=a ) + EIN]JP(CW, > (1 — €)x).

REMARK: Note that condition E[N]max{FE[C?], E[C]} < 1 is natural since it is needed for the finiteness of
E[RP] for any 8 < a. It is also in agreement with Lemma [5.1] in the sense that it is a necessary condition
for the convergence (as n — o) of the sum appearing in (G.I). The choice of 7 is also suggested by the fact
that for 3 < a one can obtain a weaker uniform bound by applying the moment estimate on E[W/?] from
Lemma 32 i.e., P(W,, > z) < E[W/]2=" < Kz(E[N]max{E[C], E[C®]})"z~".

Before going into the proof, we would like to emphasize that special care goes into making sure that K and
Zo in the statement of the lemma do not depend on n. This is important since Lemma [Z.3] will be applied
iteratively in the proof of Proposition 5.1l where one does not want K and xg to grow from one iteration to
the next.
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Proof of Lemma[7.3 By convexity of f(0) = E[C?], max{E[C®], E[C]} > max{E[C*~%], E[C]}, implying

/A n

= ENmax(E[Co ], BlC]]

€

Next, recall that W1 e Zi\il CiWy,; where W, ; are iid copies of W, let ¥ L Y; = C;W,,; and 8 =
a — 0 > 1. Note that by Lemma [3.2] there exists a constant K7 > 0 (that does not depend on n) such that,

E[Y®] = E[CP1E[W/]
< K1 (BE[N] max{ E[C*°], E[C]})"

=Ki(1+€)™"y", (7.10)
where the last equality comes from the definition of €. And since E[Y] = E[Q|(E[N]E[C])"
< E[Q)(E[N] max{E[C*~°], E[C]})", then

E[YPIVE[Y] < Ka(1+€) " (7.11)

for some constant Ky > 0 that does not depend on n. With the intent of applying Corollary [[.Il we define
y = ex, and

mn(z) £ |Ex/(E[Y PV E[Y])].

Yi>x>

Yi>z, N< mn(x)> + P (N > my(x))

Then,

2

P(Wn+1 > x) =P

s
Il
-

—

IN
v

IN
~
7N N N

Y >, MJ(VN) <(1-¢€x, N< mn(aj)>

S
=

H'Mz

+
o)
—~
S
2

N ) > (1—¢ez, N < mn(:v)) + P (N > my(x))

Yi>a, M < (1—ez, MYV <y/logy, N < mn(a:)> (7.12)

INA

v
A
(=

s
Il
-

+P (M](\,Nfl) >y/logy, N < mn(:v)) (7.13)
P (M](VN) >(1—e)a, N < mn(:zr)) +P(N > ma(z)), (7.14)

where M,gi) is the ith order statistic of {Y7,...,Y%}, with M,Ek) being the largest. Note that the term in
([TI2) can be bounded as follows

N
P (Zm >z, MY < (1- ez, M{ ™) <y/logy, N < mn(a:))

i=1

N
<P (ZY M >y, MY <y/logy, N < mn(w)>

1=

1
N

<P (ZY >y, MG < y/logy, N < mn(w)>
=1

IN

my ()
P Y, , Y <y/l
( ; >y, max y/logy

1<Mp
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Fix v = a4+ § + ¢(a — §), then, by Corollary [[1] there exists a constant x1 > e, that does not depend on
the distribution of Y (and therefore, does not depend on n), such that

P Y, > v, a Y; <y/lo <y¥
; iy 19‘12m)5(m) i<y/logy | <y
= 67’/7’]%'10%%@70‘76

< G—Vn(a—é)nx—a—é

t75
< e Vsup — 0" L(x
<€ sup gy ()

for all y > x1, where the second inequality follows from the assumption n < clogz/|logn|, and in the last
inequality we use the definition 8 = o — §. To bound (TI3]), we condition on N,

P (MG > y/1ogy, N <ma(@)) = > P (MEV > y/logy) PIN = k)
k=1

IN

> (];) P(Y > y/logy)*P(N = k)

k=1
< E [N*1(N<m, ()] P(Y > y/logy)?
E [N*] m, (2) D7 P(Y > y/logy)?,

IN

where in the last inequality we use N < m,,(z) in case N does not have a second moment. Now, by Markov’s
inequality and the definition of m,(z),

m(2) O P(Y > y/logy)? < mn(x)@ 2" (W)

yﬁ
(B N\ 0 By o logy)
~ \E[YP]V E[Y] Y267 (36-2)
_ A By |20 (g )20
— yQﬁ/\(Bﬁ72)
(2—ﬁ)+(K (1 N—n,n\2A8 20
€ 1(1+¢€)7"y")*  (logy)
< y2BA(36-2) (by (TI0)).
Our choice of § guarantees that 26 A (36 —2) > a+ 4§ and 8 =« — § > 1, and therefore,
(2AB)n
(N-1) n —a—4
P (M >y togy, N < ma@)) < Ky s

t—6
< Kysup — n@Ang=ap (g
S A3 tZI; L(t) n ( )

for all x > x4 = e e, where

(log )"

- _ 2AB1 (2—B) T —a—6 7 ~2AB
K3 = Ks(e,0) = B [N*] 270 Ky sup 55755 2y a5

t>e

To bound (T.I4)), we first note that by Potter’s Theorem (see Theorem 1.5.6 (ii) on p. 25 in [7]), there exists
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a constant x3 = x3(e’,0) such that

% < (14 ¢/) max { <mr;(x) > —atb | <mr;($) > aé}

= (1+6/)max{<w)a_57 (M)CM}

€2 2

(1+¢€)
e2(a+9)
Ky n’"

S e2(ato) (1+¢)pn—1 (by ([ZI1).

< (EYP]v E[Y])

Now, from the last estimate, it follows that

B

K
P(N >my(x)) < 62(03_5) P P(N > z) < Kyn"a~“L(x).

Finally, for the second term in (14,

P (MJ(VN) >(1—¢€z, N< mn(aj)) <P (MJ(VN) > (1-— e):z:)
< E[N|P(Y > (1 —e)x).

Combining the preceding bounds for (ZI2) - (ZI4) and setting zy = max{xi,z2,23} and K = (¢7¥ +
K3)sup;>, % + K4 completes the proof.

Finally, we give the proof of Proposition 5.1l the main technical contribution of Section

Proof of Proposition[51l Note that it is enough to prove the proposition for all z > z( for some zg =
xo(n,v) > 1, since for all 1 <a < zp and n > 1,

PW, > x)
nmP(N > x)
- EQUEINIE[C) 2"
- nmP(N > x)
EQ]

< sup ——— 9" P(N > x2).
_1St§pmotP(N>t) " ( )

P(W, >zx) = n"P(N > x)

n"P(N > x) (by Markov’s inequality)

Next, choose 0 < € < 1 such that
E[NIE[C®] (1 — €)™ " +2¢) <, (7.15)
define ¢ = v/2,

1ty "
7= Tlogn] % (E[N] max{E[oaJ,E[CJ}> ’

and select 0 < § < min{1, (e —1)/2,¢v}. Now, by Lemma [73] there exist constants K7, 21 > 0 (that do not
depend on n) such that

P(Wyi1 > z) < K@@= p(N > z) + E[N]P(CW,, > (1 — €)z)
for all z > z1. Hence, by defining ng = (2A (o —6) — 1)1 (logn) ! log(e E[N]E[C?]), we obtain
P(Wps1 > ) < KL E[N]E[C®]eq® P(N > &) + E[N]P(CW, > (1 — o)) (7.16)
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for all n > ng, and all x > z;.

Next, in order to derive an explicit bound for P(W,, > z), we need the following two estimates (Z1T7) and
([TI8)). In this regard, choose xy > 1V z1 such that

P(CN > (1 —€)x) < E[C*](1 —¢) > 'P(N > z) (7.17)

for all z > x¢. This is possible since by Lemma 4.2 from [19] P(CN > (1 —¢)z) ~ E[C*|(1—¢€)"*P(N > z).
Also, by Markov’s inequality, we have that for all 1 < n < clogz/|logn],
P(C > (1 —¢€)z/z0) < E[C*T](1 — €)™ Vag Vo *"
E[CotV]zgtY
= (1 —e)xtvar/2L(z)

n"P(N > x), (7.18)

. . . _ _ clogz
where in the second inequality we use 2~ %/2 = 2~¢ = pTleenl < . Now, define

E[CQ+V]$8+V
Ko = 1, K
2 max{ ) 181, IS;E) cE[C](1 — e)*tvav/2L(x)

Now we proceed to derive bounds for P(W,, > z) for different ranges of n. For all 1 <n < ng and all z > z,
by Lemma [5.1] there exists a constant Ko > K such that

P(W, >z) < Kon"P(N > z). (7.19)

Next, for the values ng < n < clogz/|logn| we proceed by induction using (ZI6]). To this end, suppose
(T19) holds for some n in the specified range. Then, note that by (Z.I8) and the induction hypothesis (Z.19),
we have for all z > x,

P(CW, > (1—¢ez) < P(CW, >(1-¢€x,C<(1l—-¢€)x/xg)+ P(C>(1—e€)x/xp)

IN

(1-e)z/zo
/ 1 P(W, > (1 —e€)x/y)P(C € dy) + K2E[C*len" P(N > x)
0

< Kon" /OOO P(N > (1—¢€)x/y)P(C € dy) + K2 E[C%]en" P(N > x)

= Kon"P(CN > (1 — €)z) + K3 E[C%)en"P(N > x)
< KoE[C*] (1 —¢) ' +¢€)n"P(N > ),

where in the last inequality we used (ZI7). Then, by replacing the preceding bound in (ZI6) and using

[13), we derive

P(Wyi1 > x) < KoE[N]E[C®] (1 — €)' + 2¢) n" P(N > x)
< Kon"™'P(N > )

for all x > xo and all 1 <n < clogx/|logn|.

Finally, for n > clogx/|logn|, we follow a different approach that comes from our moment estimates for

W,,. Let

’_ n _
€= BiNImax(ElCoL Blo]; L0

and note that by convexity

E[N]max{E[C*"°], E[C]} < E[N]max{E[C®],E[C]} = (1+€¢)!n.
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Then, by Markov’s inequality and Lemma [3.2] we have

P(W, > z) < E[Wo0g—a+?
< Ko s(E[N]max{E[C®~%], E[C]})"z~*°
= Kyo-s(1+ e/)fnn"xfo‘“;
< Ky ga— lo8(Fe)e/ [lognl i —acts (7.20)

for all x > 0. Note that the preceding bound,

log(1+¢€) 1 log( n )_7
|log 7| | log 7| E[N]max{E[C*], E[C]} ’
and (C20) yield
t6—c’y
P(W, >z) < Ko sna= 000 < K, snma 07 < K\ _s5sup —— n""P(N > x)
>1 L(t)

for all z > 1; recall that § < ¢y. Thus, setting K = max{Ko, Ka—ssup,;>; t°"“7(L(t))"'} completes the
proof.

7.4. The case when the Q’s dominate
We end the paper with the proof of Lemma [G.1] and a sketch of the proof of Proposition [G.Il As mentioned
before, the proofs of the other results presented in Section [6]l have been omitted since they are very similar
to those from Section [0l
Proof of Lemmal61l. We proceed by induction in n. By Lemma 4.2 from [19],
P(CQ > z) ~ E[C*]P(Q > z),

by Lemma 3.7(1) from the same source,

N
P <Z CiQi > ;E) ~ E[N]P(CQ > z) ~ E[N]E[C®]P(Q > x),

and by Lemma 3.1, again from the same source, we have

N
P(Ry >x)_P<ZOiQi+Q>x>

i=1

~P<ZCZ-QZ->:C> +P(Q > x)

i=1
~ (pa + 1)P(Q > x)

Now suppose that we have
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Then,

Z CiR,:+Q > 55)

N
ZCan,z > :E) +P(Q > I)

~ E[N]E[C®|P(R,, > 7) + P(Q > 2)
~ <pazp5§ + 1) P(Q > x)

= P PQ> ).

k=0
Sketch of the proof of Proposition [6.1]l. By Markov’s inequality
P(N > z) < B[Nz~
for all z > 0. Use Lemma [L3] to obtain
P(Wypt1 > z) < K1 E[N]E[C®len"P(Q > z) + E[N|P(CW,, > (1 — €)x)
for all ng < n < klogzx and all z > z; (for suitably chosen constants €, ng, k). Choose xg > 1V z1 such that
P(CQ > (1— ) < B[C?](1— )1 P(Q > x).

The rest of the proof continues as in Proposition [5.0] with some modifications.
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