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Abstract

Consider the linear nonhomogeneous fixed-point equation

D N
R = Z CiR; + O,
i=1
where (Q, N, C1, Cy, ...) is a random vector with N € {0,1,2,3,...} U{oo}, C; > Oforalli € N,
P(]Q] > 0) > 0, and {R;};cN is a sequence of i.i.d. random variables independent of (Q, N, Cy, Ca, ...)
having the same distribution as R. It is known that R will have a heavy-tailed distribution under several
different sets of assumptions on the vector (Q, N, Cy, Cy, ...). This paper investigates the settings where

either Zy = ZlNzl C; or Q are regularly varying with index —a < —1 and E [ zNzl Cf‘] < 1. This work
complements previous results showing that P(R > 1) ~ Ht~% provided there exists a solution ¢ > 0 to
the equation E [Zf\lzl |C; |"‘] =1, and both Q and Zy have lighter tails.
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1. Introduction

Motivated by the analysis of information ranking algorithms, this paper investigates the tail
behavior of the solution to the stochastic fixed-point equation

N
REY ciri + 0, M

i=1
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where (Q, N, Cy, Cy,...) is a random vector with N € NU {o0}, N ={0,1,2,3,...},C; =0
foralli e N, P(]Q| > 0) > 0, and {R;};cN is a sequence of i.i.d. random variables independent

of (Q, N, Cq, Ca,...) having the same distribution as R; the symbol D denotes equality in
distribution. This stochastic fixed-point equation recently appeared in the analysis of Google’s
PageRank algorithm [8], which computes the ranks of pages on the World Wide Web according
to the recursion

PR(p;)
PR(p)=——+d ) —= ©)
Pj eM(pi) (pj)
where p1, p2, ..., pp 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;, PR(p;) is the PageRank of page
pj, d € (0, 1) is a constant known as the “damping factor”, and # is the total number of pages.
A first order stochastic approximation for the rank of a randomly chosen page is obtained by
multiplying both sides of (2) by n and considering the fixed-point equation

D al R]
R=1—-d+d —,
;DJ

where N is a random variable distributed according to the in-degree distribution of the web graph,
{D;} are i.i.d. random variables distributed according to the effective out-degree distribution
(see [27, Section 3.2] for more details), and {R;} are i.i.d. random variables having the same
distribution as R. This approach, first introduced in [27], can be thought of as approximating the
web graph with a branching tree, a well known technique used in the analysis of random graphs
(see, e.g., [25] and the references therein).

The fixed-point equation (1) has been recently analyzed in [14,26] for the special case of
0, N, {C;} nonnegative and mutually independent, with the {C;} i.i.d.; in [26] the pair (Q, N)
was allowed to be dependent under stronger moment conditions. One of the results in these
articles was that when the distribution of N is heavy-tailed, in particular, regularly varying, and
O has lighter tails than N, the tail distribution of R is proportional to that of N, i.e.,

P(R>x)~HP(N >x) asx — 09,

where f(x) ~ g(x) is used throughout the paper to denote limy_ o f(x)/g(x) = 1. This
indicates that one way in which a page can achieve a very high rank is by having a very large in-
degree; this is indeed consistent with the large-deviations analysis of the weighted random sum
ZZN= 1 Ci R; (see [22] for more details). Since the in-degree of a page is something that individuals
can easily modify (e.g. by creating many fake links), one can argue that there is a need to develop
more robust ranking algorithms. One way in which this can be done is by choosing a different
set of weights {C;} in (1), e.g., different from those of PageRank, C; = d/D;. The general
setting of (Q, N, Cq, C, ...) arbitrarily dependent with the {C;} not necessarily independent
and/or identically distributed allows a great level of flexibility in this respect. This setting is
also consistent with the broader literature on weighted branching processes [23] and branching
random walks [4], which appear in the probabilistic analysis of other algorithms as well [24,21],
e.g. Quicksort algorithm [9].

A very well known special case of Eq. (1) is obtained by setting N = 1, since then it becomes
the stochastic recurrence equation

RZCR+ 0, (C,Q)independent of R.
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The power law tail asymptotics of the solution R to this equation were established in the classical
work of Kesten [18] (in a multivariate setting), and were also derived through the use of implicit
renewal theory by Goldie [10]. The approach from [10] was generalized in [15] to analyze
(1) for real-valued weights {C;}. The main assumption in [15] (and the corresponding N = 1

versions of [18,10]) is the existence of a solution @« > 0 to the equation E [ZlNzl |C,-|°‘] =1

such that E [Zfil |Ci|"‘10g|ci|] > 0,E[|QI] < oo, and if @ > 1,E I:ZzN:I |Ci|] <
o

LLE [(ZlNzl |Ci|> ] < 00, in which case

P(R>x)~Hx™“ asx — oo,

for some constant H > 0. The work of [14] already shows that if such o does not exist, then
P(R > x) can still be regularly varying if either the distribution of N or Q are regularly varying.
When N = 1, (C, Q) are generally dependent, C > 0 a.s. and Q is regularly varying, the
tail equivalence of P(R > x) and P(Q > x) was shown in [12]. The main results in this paper,
Theorems 3.4 and 4.4, give the corresponding generalization of the results in [12,14] to arbitrarily

dependent (Q, N, Cy, Ca,...). In particular, it is shown that if either P (ZIN=1 C; > x), or

P(Q > x), are regularly varying with index —a < —1, and certain moment conditions are
satisfied, then

N
P(R>x)~H'P (Z C; > x) , respectively, P(R > x) ~ H'P(Q > x)
i=1

as x — oo, for some explicit constants H', H” > 0. We point out that (1) may also have light-
tailed solutions, as the work in [11] shows for the N = 1 case, but we focus here only on the
heavy-tailed ones.

The paper is organized as follows. First we construct an explicit solution to (1) on a weighted
branching tree. As will be discussed in more detail in Section 2, this particular solution is the
only one of practical interest, since under mild technical conditions, this is the unique limit of the
process that results from the iteration of (1) (see Lemma 2.4). The main result for the case where
the tail behavior of R is dominated by the sum of the weights, va: 1 Ci, is given in Section 3,
and the main result for the case where Q dominates is given in Section 4. The main technical
contribution of the paper is in the derivation of uniform bounds (in n and x) for the distribution
of the sum of the weights in the nth generation of a weighted branching tree, P(W,, > x), given
in Propositions 3.2 and 4.2. These uniform bounds are the key tool in establishing the geometric
rate of convergence of the iterations of the fixed-point equation (1) to the solution R constructed
in Section 2. Finally, the more technical proofs are postponed to Section 5 and the Appendix.

The last thing to mention is that the approach used to derive the uniform bounds from
Propositions 3.2 and 4.2 can also be helpful in the analysis of other recursions on trees, such
as the ones studied in [16] and the more extensive survey of [1], e.g.,

N N
R2<\/CiR,->\/Q RE (\/CiRi)+Q,
i=1 i=1

that may fall outside of the implicit renewal theory framework of [16].
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2. Construction of a solution on a tree

We start by constructing in this section a particular solution to the fixed-point equation

N
REY Ciri + 0, 3)

i=1
where (Q, N, Cy, Cy,...) is a random vector with N € N U {o0}, C; > Oforalli € N,
P(|Q| > 0) > 0, and {R;};en is a sequence of i.i.d. real-valued random variables independent
of (Q, N, Cy, C3,...) having the same distribution as R. We will show in Section 2.2 that the
process that results from iterating (3) converges under mild conditions to this particular solution.

First we construct a random tree 7. Let N = {1, 2, 3, ...} be the set of positive integers and
let U = U,fio(N+)k be the set of all finite sequences of positive integers i = (i1, i2, ..., in),
where by convention NgL = {/J} contains the null sequence ¥). We use the notation ¢ to denote
the root node of 7, and A,,n > 0, to denote the set of all individuals in the nth generation
of 7,Ay = {0}. Also, fori € A; we simply use the notation i = iy, that is, without the
parenthesis. Similarly, for i = (i, ...,i,) we will use (i, j) = (i1,..., i, j) to denote the
index concatenation operation, if i = ¢, then (i, j) = j.

Next, let Z, be the number of individuals in the nth generation of 7, that is, Z, = |A,|,
where | - | denotes the cardinality of a set; in particular, Zy = 1. We iteratively construct the tree
as follows. Let N be the number of individuals born to the root node ¥, Ny = N, and let {Nj}icv
be i.i.d. copies of N. Define now

Ap={i eNy i <N}, Ap ={(,ip) €U i€ Ap_1,in = Ni}. “

It follows that the number of individuals Z, = |A;,| in the nth generation, n > 1, satisfies the
branching recursion

Zy = Z M.

ieAn—l

Now, we construct the weighted branching tree 7¢ ¢ as follows. The root node ¢ is assigned
a vector (Qg, Ny, C@g,1), C@,2),...) = (Q,N,Cy,Ca,...) with N € NU {co} and P(|Q] >
0) > 0; N determines the number of nodes in the first generation of 7 according to (4). Each
nodei € A,,n > 1, is then assigned an i.i.d. copy (Qi, Ni, Cii,1). Cii,2), - - .) of the root vector
which is used to construct A, 11 = {(i,iy4+1) € U : i € Ay, in+1 < Nj}. Note that the vectors
(Qi, Ni, Ci 1y, Cio, ...), 1 € A,, are chosen independently of all the previously assigned
vectors (Qj, Nj, C, 1), Ci,2)»---)» § € Ax, 0 < k < n — 1. For each node in Tg,c we also
define the weight I1j;, . ;.) via the recursion

,,,,,

I, = Gy, Iy,...i0) = Cliy,iy iy iy 1= 2,

,,,,,

where II = 1 is the weight of the root node. Note that the weight I;, . ;) is equal to the product
of all the weights C .y along the branch leading to node (i1, ..., i,), as depicted in Fig. 1.
We now formally define on the weighted branching tree 7 ¢ the process

Wo=0Q, W,=) Oilli, n=>1, )

i€cA,
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m=1 Zy=1

11 11, I3 Z1=3

LI (1,2 Mg,y sy (3,2 (3,3 Zy =6
° . . ° Y °

Fig. 1. Weighted branching tree.

and the process {R(")}nzo according to
n
R =3"W, nx0. (6)
k=0

Note that R is the sum of the weights of all the nodes on the tree up to the nth generation.
In general, since the {Qj} are allowed to be real-valued, neither W, nor R are necessarily
well-defined; throughout the rest of the paper we will always impose sufficient conditions on
(Q, N, Cq, Ca,...) to ensure the absolute convergence of W,,, but before we do that (5) and (6)
are to be interpreted formally.

It is not hard to see that R™ satisfies the recursion
Ny | N |
R = CopR " +0u=3 CRIV+0. nzl, ™
j=1 j=1

where {R;"il)} are independent copies of R~ corresponding to the tree starting with

individual j in the first generation and ending on the nth generation; note that R;O) = 0;.
Moreover, since the tree structure repeats itself after the first generation, W, satisfies

W, = Z QIIL

icA,
Ny n
= ZC(M k) Z OQk,..in) 1_[ Cik,....ij)
k=1 Kyorin) EAR j=2
» &
= ZCkW(n—l),k, ®)
k=1

where {W,—1)«} is a sequence of i.i.d. random variables independent of (N, Cy, Ca, ...) and
having the same distribution as W,,_.

The following result from [15, Lemma 4.1] gives the convergence of R to a proper limit; £
denotes definition.
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Lemma 2.1. Iffor some 0 < B < 1, E[|Q|f] < oo and E [ZL Cf] <1, then R™ — R a.s.
as n — oo, where E[|R|P] < oo and is given by

o0

REY W, ©)

n=0

As discussed in [15], the observation that under the conditions of the lemma the sum of all the
absolute values of the weights on the tree are a.s. finite, i.e.,

00

YD 1Qillli<oo as.,

n=0i€A,

justifies the following identity
Ny N
R=Y Cy R +0s=>Y C;R™ +0,
j=1 j=1

where {R(oo)} are independent copies of R corresponding to the infinite subtree starting with
individual j in the first generation. This derivation provides in particular the existence of a
solution in distribution to (3).

The set of all solutions to (3) was recently described in [3] (see Theorem 2.3), where it was
shown that all solutions can be obtained from the particular explicit solution R given by (9) and
a particular nonnegative solution to the fixed-point equation

N
w23 cow;
i=1

where @ > 0 solves E [ZINZI cy ] = 1. Nonetheless, from an applications perspective, we are

interested in the convergence of the process that results from iterating (3), and we will show that
under mild moment conditions on the initial values this procedure always converges to R. Hence,
the focus of this paper is only on the tail behavior of R as defined by (9).

As for the solutions to the homogeneous linear equation (Q = 0 in (3)), we briefly mention
that the set of solutions was fully described in [2], and the power law asymptotics of the particular
solution constructed on the weighted branching tree, provided E [ZZNZ 1 Ci| = 1, have been
previously established in [20,13].

The remainder of the paper is organized as follows. In Section 2.1 we state moment bounds
for W, and R. In Section 2.2 we describe the process that results from iterating the fixed-point
equation (3) and show that it converges in distribution to R. The main result for the case where the
sum of the weights dominates the behavior of R (the equivalent to the case where N dominates
in [14]) is given in Section 3; and the main result for the case where the behavior of R is
dominated by Q is given in Section 4. The proofs of the main results are given in Section 5
and some results for weighted random sums, that may be of independent interest, are given in
the Appendix.

Notation: Recall that throughout the paper the convention is to denote the random vector
associated to the root node ¥ by (Q, N, Cy, Ca,...) = (Qy, Ng, C@p1y, C,2), - -.). We will
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also use

N
pg=E |:ZClﬁ:| forany 8 > 0, and p = p;.
i=1

2.1. Moments of W,, and R

Let A7 = ;2 A, and define the operator x™ = max{x, 0}. Now note that

W<y ofm, n=x1,

i€cA,
o0
and R" < ZW; < Z O; I,
n=0 icAr
so Lemmas 4.2-4.4 in [16] apply and we immediately obtain the following results; we use
x V y = max{x, y}.
Proposition 2.2. Assume E[(Q1)P] < oco. Then,
.if0<B <1,
E[(W,)P1 < EL(QT)1p}.

B
2.ifB>1,pvpg <l,and E [(ZlN:l Ci> :| < 00, there exists a finite constant Kg > 0 such
that
E{W,)P1 < Kg(p v pp)",

foralln > 0.

Lemma 2.3. Fix 8 > 0 and assume E[|Q|P] < oc. In addition, suppose either (i) pp < 1 for
B
0<B <1 ori)pVps < 1andE[(2§V_1c,~) } < oo for B > 1. Then, E[|R|] < oo

L
forall0 < y < B. Moreover, if B > 1, R™ = R, where Lg stands for convergence in the
(E| - |ﬂ)l/ﬁ norm.

2.2. Iterations of the fixed-point equation

In this section we describe a different process that is more closely related to the ranking
of nodes on complex graphs exhibiting a tree-like local behavior. Consider the problem of
computing the rank of a randomly chosen node in such graph by using a linear recursion based
on the fixed-point equation (3). To be more precise, we will define R} to be the rank of the root
node of a tree having n generations and in which the leaf nodes have i.i.d. ranks with the same
distribution as some initial condition Rj. Then R;; can be seen as the rank of the chosen node
after n iterations of the algorithm provided that the set of nodes pointing towards it at distance at
most n form a tree.
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Next we will show that under some technical conditions, this process converges in distribution
to R. To this end, given an initial condition R}, define

Ry £ RV + W, (RY), (10)
where
Wa(RY) = Y Ry ;I
icA,

and {Rj;}icy are i.i.d. copies of R, independent of the entire weighted branching tree 7o c. As
argued in [16, Section 4.1], this process satisfies

N
D
=) CiRii+ 0,
i=1

where {R:,i}iEN are i.i.d. copies of R}, independent of (Q, N, Cy, C», ...), which corresponds
to the process derived by iterating (3) with an initial condition R;j. The following lemma shows
that R; = R for any initial condition R satisfying a moment assumption, where = denotes
convergence in distribution.

Lemma 2.4. For any R, if E[|Q|P], E[|R(’)"|5] < ooand pg < 1 for some 0 < B < 1, then
R; = R,

with E [|R|’3] < o0o. Furthermore, under these assumptions, the distribution of R is the unique
solution with finite absolute 3-moment to recursion (3).

Proof. In view of (10), and since R™ — R a.s., the result will follow from Slutsky’s Theorem
(see Theorem 25.4 in [5]) once we show that W, (Rj;) = 0. To this end, recall that W, (R}) is the
same as W, if we substitute the Qj; by the R} ;. Then, for every € > 0 we have that
P(IWa(RD)| > €) < e PE[|W,(R})I’]
e P ENRGIPL,

IA

where in the second inequality we applied Proposition 2.2(a) to both the positive and negative
parts. Since by assumption the right-hand side converges to zero as n — oo, then R} = R.
Furthermore, E[|R|?] < oo by Lemma 2.3. Clearly, under the assumptions, the distribution of
R represents the unique solution to (3), since any other possible solution with finite absolute
B-moment would have to converge to the same limit. [J

In view of Lemma 2.4 and the fact that our ultimate goal is to analyze the asymptotic behavior
of P(R > x), in the following sections we will focus on the process R rather than the process
Ry;. This will avoid having to repeat the assumptions on R throughout the remainder of the
paper. Moreover, note that R* = R”~1 when R; = 0, which is a reasonable (simple) initial
condition.

3. The case when the sum of the weights dominates

In this section we analyze the tail behavior of P(R > x) as x — oo when the sum of the
weights,
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N
Zn & Z Ci
i=1

has a regularly varying distribution. Recall that a function f is regularly varying at infinity with
index —a, denoted f € R_g, if f(x) = x7“L(x) for some slowly varying function L; and
L : [0, 00) — (0, 00) is slowly varying if lim,_, oo L(Ax)/L(x) = 1 forany A > 0.

In this section we focus on the case where P(Zy > x) € R_, for some ¢ > 1, and
PV py < 1. The approach that we will follow is similar to that used in [14, Section 5],
except for the added complexity of allowing the vector (Q, N, Cy, Ca,...) to be arbitrarily
dependent, and allowing non identically distributed weights {C;};cn. We start by stating a lemma
that describes the asymptotic behavior of R™. The proof of this lemma is based on the use of
some asymptotic limits for randomly stopped and randomly weighted sums recently developed
in [22], and adapted to be used in this setting in Theorem A.1 in the Appendix. The main technical
difficulty of extending this lemma to steady state (R = R(®)) is to develop a uniform bound for
R — R™, which is enabled by the main technical result of the paper, Proposition 3.2. The proof
of Lemma 3.1 can be found in Section 5.1.

Lemma 3.1. Let Zy = Z,N=1 C; and suppose G(x) = P(Zy > x) € R_q with a >
L, E[|Q%€] < o0, pyse < 00 for some € > 0, E[Q] > 0, and p < 1. Then, for any fixed
nefl,2,3,...},

(E[Q]) = N
() ~ = E ke — on—k
P(R >x) (1 ) : Opa(l 1Y ) P(ZN >X) (11)

as x — oo, where R™ was defined in (6).

Remark. We note that for (11) to hold we need to have E[Q] > 0, and from the work in [22]
it can be seen that if E[Q] < 0 (which implies E[R"™] < 0) we could have P(R™ > x) =
0 (P(Zy > x)). In terms of the ranking example given in the introduction, Q usually refers to a
nonnegative personalization parameter that determines what page to go to in case the algorithm
reaches a page with no outbound links (see [26] for more details).

From Lemma 3.1 one can already guess that, provided p vV p, < 1, the tail behavior of R
will be

_(EIQD* X
P(R > x) T l;)pap(z,v > x)

as x — 00, assuming that the exchange of limits is justified. As mentioned above, this exchange
represents the main technical difficulty in the paper (along with its counterpart for the case when
QO dominates the behavior of R, discussed in the next section). This result has already been proved
in [14] for the case where Q, N, {C;} are all independent, O > 0, and the {C;} are i.i.d. using
sample-path arguments, and in [26] for the case where (Q, N) is independent of {C;}, O > 0, the
{C;} are i.i.d., using transform methods and Tauberian theorems. Here we follow the approach
from [14] where the main tool was a special case of the uniform bound given below. The proof
of Proposition 3.2 is given in Section 5.2.
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Proposition 3.2. Let Zy = ZlNzl C; and suppose G(x) = P(Zy > x) € R_q witha > 1.
Assume further that E[(QT)%T€] < oo and pyie < oo for some € > 0. Fix pV py < < 1.
Then, there exists a finite constant K = K (n, €) > 0 such that for alln > 1 and all x > 1,

P(WF>x) <Kn"P(Zy > x). (12)

Remark. Note that we can easily obtain a weaker uniform bound by applying the moment
estimate on E[(W,/)#] from Proposition 2.2, i.e., P(W,} > x) < E[(WHP]x™ < Kg(p v
pﬁ)”x’ﬂ for some 0 < B < «, so the tradeoff in (12) is a slightly larger geometric term for a
lighter tail distribution.

Proposition 3.2 is the key to establishing that | R — R™| goes to zero geometrically fast, which
is more precisely stated in the following lemma.

Lemma 3.3. Let Zy = ZlNzl C; and suppose G(x) = P(Zy > x) € R_y with a >
1, E[|Q]*T] < oo and pyie < 00, for some € > 0, and E[Q] > 0. Assume p V py < 1,
then, for any fixed 0 < § < 1,ng € {1,2,...} and p VvV py < 1 < 1, there exists a finite constant
K > 0 that does not depend on § or ngy such that

. P(IR—R")|>3x) Kprot!
lim — = .
X—00 G(x) 5a+1n0

Proof. Fix p vV p, < 1o < nand 0 < r < min{e — 1, 1}. By Potter’s Theorem (see Theorem
1.5.6(iii) in [6]), there exists a constant xg = xo(2, r) > 1 such that for all x, y > xo,

G(y) _ o
— <2max {(y/x)"%"", (y/x)"*"}. (13)
G {&v/ y/ }
Now define s,, = ZZO:,[O ol n% < / Z)o 2dr = ny ! and note that by the union bound,
o0 o0
P (|R — R0)| 5 ax> <p ( 3 Wl > 5x) <Y r (|Wn| > 5xn_2/sn0).
n=ngp+1 n=ng+1

Since in order to be able to use Proposition 3.2 we must have §xn =2/ Sno = 1 we need to split the
range of values of 7. To this end define m (x; 8, ng) = |/dx/(xos,)] and apply Proposition 3.2
to the terms ng + 1 < n < m(x; §, ng) (to both the positive and negative parts of W), and
Markov’s inequality to the terms n > m(x; §, ngp), to obtain

O m(x;8,nq) .
Z P <|Wn| > an—2/5n0> < Z KOUSG(3xn_2/snO)
n=ng+1 n=ngp+1
- E[[W,]*~"]
+ oy
n=m(x:8.n0)+1 ((an—Z/sno)a—r
m(x;8,n0) 5xn_2/s —a—r
< 2Kt (2L G
= Z 0o < . G(x)
n=nop+1

o0

Z Ko—r (0 V pa—r)"

(8xn™2/5,)) "

+

’

n=m(x;8,ng)+1
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where in the second inequality we used (13) and Proposition 2.2, and Ko = Ko(7o, €). It follows
that

a+r m(x;8,n¢)
P |R _ R(n0)| > 8.x < ZKO(SHO) nnn2(a+r)6(x)
= sa+r 0
n=np+1
+ Ko—r (Sn())a_r = (pV pa_r)nnZ(oc—r)
sa—r xo—r :

n=m(x;8,np)+1

Now note that by the convexity of () = pgp we have p V pu—r < p V py < No, from where it
follows that

(2Ko + Ko—r)(sny)* ™" = —
P (|R _ R(n0)| -~ (Sx) < 3Z+rr 1o Z nSnZ(a+r)G(x)

n=nop+1
00
+ Z 77SnZ(ot—i—r)x—ot+r>
n=m(x;8,ng)+1

2Ko+ Ko—r

S e SupGno/m)" m )
3a+rng r(l — 77) m>1
o0 _ o0
x ( Y ="+ Y (1—n)n"x“+’>
n=ng+1 n=m(x;8,n9)+1

>

e (nn0+15(x) + nm(x;é,n0)+1x—ot+r) ,
0

where K = K (no, €, n, r) does not depend on § or ny. It follows that for G(x) = x“L(x),

P (R — R(o) < 8x) Ko+l n‘/éx/(xosno)—no—lxr
lim — < 1+ lim
X—00 G(x) 5°‘+1n0 X—> 00 L(x)
Knn0+l
= 30{+1n0 :

Having stated Lemma 3.3, we can now prove the main theorem of this section.

Theorem 3.4. Let Zy = ZZN=1 C; and suppose G(x) = P(Zy > x) € R_q with a >
1, E[|Q|*%€] < oo and pyre < 00, for some € > 0, and E[Q] > 0. Assume p V py < 1,
then,

(E[@D"
P(R > x) mp(zN > Xx)

as x — 00, where R was defined in (9).

Remarks. (i) For the case where the {C;} are i.i.d. and independent of N, and P(N > x) €
R_u, Lemma 3.7(2) in [17] gives

P(Zy > x) ~ (E[CI]D)*P(N > x) asx — oo.
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(i1) Given the previous remark, it follows that Theorem 3.4 generalizes both Theorem 5.1 in [14]
(for Q, N, {C;} all independent, @ > 0 and {C;} i.i.d.) and the corresponding result from
Section 3.4 in [26] (for (Q, N) independent of {C;}, O > 0, {C;} i.i.d., E[Q] < 1 and
E[C]= (- E[Q]/E[ND.

(iii) In view of Lemma 3.1, the theorem shows that the limits limy_, oo lim,— oo P(R® >
x)/P(N > x) are interchangeable.

Proof of Theorem 3.4. Fix 0 < 6 < 1 and ng > 1. Choose p V p, < n < 1 and use
Proposition 3.2 to obtain that for some constant Ko > 0,

P(W; >x) < Kon"P(Zy > x)

(ELQDY(1 — p)~* Y024 pk(1 = p" %)% and H = He.

foralln > 1 and all x > 1. Let H,

Then,
IP(R>x) —HP(Zy > x)| < ‘P(R > x) — P(R™ >x)( (14)
¥ )P(R(”O) > x) — Hy P(Zy > x)’ (15)
+ |Hyy — H| P(Zy > x). (16)

By Lemma 3.1, there exists a function ¢(x) | 0 as x — oo such that

‘P(R(”O) > x) — Hy P(Zy > x)‘ < o()HP(Zy > x), 17)

which can be used to bound (15). Next, for (16) simply note that

1 00 no—1
= [Hny = H| = (1= pa) ( py— Y pa(l— p"o—kf‘)
k=0 k=0
no—1 00
= (1= pa) Y pa(L= (1= p" )+ (1= pa) Y 1
k=0 k=ngo
no—1
< (L—pa) Y phap™ ™ 4 pp0
k=0
< (a(1 = pe)ng + 1) (pV pe)™
=

\V; m
@ sup ('Oa p) m | " &K'y,
m>1 n
The rest of the proof is basically an analysis of (14). We start by noting that
‘P(R > x) — P(R™ > x)‘ < )P (R > x,|R — R™)| < 8x> _P (R<”0> > x)‘
4P (R > x,|R — R™| > 8x) .

Also, since

IA

P (R<"0> > (14 8)x, [R — R™| < 5x) P (R > x,|R — R™)| < 8x>

IA

P (R<"°> > (1— 5)x)
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andifa < a <a,then |a — b| < |a — b| + |a — b|, we have
‘P(R > x) = P(R™ > x)‘

< ‘P (R<"0> > (1+8)x,|R—R™| < Sx) _p (R<"0> > x)‘
n ’P (R("O) > (- 8)x> —P (R("0> > x)’ 4P (R > x,|[R—R")| > 6x>

—p (R(”O) > (1— 8)x> o (R(”O) > (148)x,|R — R™)| < Sx)
4P (R > x,|R — R™| > 8x>

< P(R™ > (1 =8)x) = P (R™ = (1 +9)x) (18)

2P <|R — RM0)| > 5x> . (19)
From (17) and the observation that H,, < H, it follows that (18) is bounded by
P(R" > (1 —8)x) — HyyP(Zy > (1 — 8)x)
+ Hyy (P(Zy > (1 = 8)x) — P(Zy > (1 +8)x))
+ Hy P(Zy > (1+8)x) — P(R™ > (1 +8)x)

G((1—8x) [G((1—=8x) G((1+8)x)
2 1—-96 — — — — HP(Z .
< { P((1 —8)x) a0 + ( a0 o) )} (Zy > x)

Moreover, since G € R_g and ¢((1 — 8)x) — 0, then

G -9 (6«1 —ox) G+ am)

20((1 — 8 — — —
#td =) G(x) G(x) G(x)

- 1-=-8“-10+687¢
as x — oo. To analyze (19) use Lemma 3.3 to obtain
. 2P (JR—R™)| > sx) K"yt
lim <
X—>00 HP(Zy > x) satlpg

for any p V py < 1 < 1 and some constant K"’ > 0 that does not depend on § or ng.
Finally, by replacing the preceding estimates in (14)—(16), we obtain
) P(R > x) _ _
1 — === +87
Rt HP(Zy > x) = ( ) o7+
Since the right hand side can be made arbitrarily small by first letting np — oo and then § | O,
the result of the theorem follows. [

no

Kn
5a+1 :

4. The case when Q dominates

This section of the paper treats the case when the heavy-tailed behavior of R arises from the
{Qi}, known in the autoregressive processes literature as innovations. This setting is well known
in the special case N = 1, since then the linear fixed-point equation (3) reduces to

RE2cRr+ 0,
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where (C, Q) are generally dependent. This fixed-point equation is the one satisfied by the steady
state of the autoregressive process of order one with random coefficients, RCA(1) (see [18,7,10,
12]). The power law asymptotics of the solution R in this context were established in the classical
work by Kesten [18] (multivariate setting), and through implicit renewal theory in the paper by
Goldie [10]. In both of these works the assumptions include the existence of an « > 0 such that
E[IC|*] =1, E[|C|*log™ |C|] < o0, and E[|Q]¥] < oo.

That the innovations {Qj} can give raise to heavy tails when the « mentioned above does not
exist is also well known, see, e.g. [12,19]; the main theorem of this section provides an alternative
derivation of the forward implication in Theorem 1 from [12] (see also Proposition 2.4 in [19])
in the more general context of N > 0. We also mention that Theorem 1 in [12] includes the case
where « € (0, 1], which would require a different proof technique from the one in this paper.

The results presented here are very similar to those in Section 3, and so are their proofs.
We will therefore only present the statements and skip most of the proofs. We start with the
equivalent of Lemma 3.1 in this context; its proof can be found in Section 5.1.

Lemma 4.1. Suppose P(Q > x) € R_qy, witha > 1, E[(Q’)HE] < o0 and E[Z%J“] < 00,
for some € > 0. Then, for any fixed n € {1,2,3,...},

P(R™ > x) ~ > pkP(Q > x)
k=0

as x — oo, where R™ was defined in (9).

As for the case when Zy = ZlN:l C; dominates the asymptotic behavior of R, we can expect
that,

P(R > x)~ (1—pg) ' P(Q > x),

and the technical difficulty is justifying the exchange of limits. The same techniques used in
Section 3 can be used in this case as well. The corresponding version of Proposition 3.2 is given
below. We point out that even though the condition p < 1 is not necessary for the proportionality
constant in Lemma 4.1 to be finite, it is required for the finiteness of E[|R|], so it is natural that
it appears as part of the hypothesis in all the other results in this section.

Proposition 4.2. Suppose P(Q > x) € R_q, witha > 1, E[Z%“] < 00 for some € > 0, and
let p V py < n < 1. Then, there exists a constant K = K (n, €) > 0 such that for alln > 1 and
all x > 1,

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

A sketch of the proof can be found in Section 5.2.
The corresponding version of Lemma 3.3 is given below. Its proof is basically identical to that
of Lemma 3.3 and is therefore omitted.

Lemma4.3. Let Zy = ZINZI C; and suppose P(Q > x) € R_q witha > 1, E[Z%'H] < 00
for some € > 0, and E[|Q|P] < oo forall 0 < B < a. Assume p V pg < 1, then, for any fixed
0<d8<1,nype{l,2,...}and p Vv py < n < 1, there exists a constant K > 0 that does not
depend on § or nq such that
n no+1
- P (IR — R™)| > 8x) L Kn o
x—00 P(Q > x) satlpg
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And finally, the main theorem of this section. The proof again greatly resembles that of
Theorem 3.4 and is therefore omitted.

Theorem 4.4. Suppose P(Q > x) € R_y, witho > 1, E[IQlﬂ] < ooforall0 < B < a.
Assume p V py < 1, and E[Z;’Vﬁ] < 00 for some € > 0. Then,

P(R>x)~ (1 —pg) ' P(Q > x)

as x — 00, where R was defined in (9).

Remarks. (i) This result generalizes Theorem 1 in [12] for the case N = 1 (the forward
implication, « > 1) to the weighted branching tree. It also generalizes the results in
[26,14] in the same way as Theorem 3.4 does for the case where Zy dominates.

(i1) It is also worth pointing out that the same sample path techniques used here can be used to

study the intermediate case where P(Q > x) ~ KP(Zy > x) for some constant K > 0,
which is also analyzed in [26] under stronger conditions than those in this paper.

5. Proofs
5.1. Finite iterations of R™

This section contains the proofs of Lemmas 3.1 and 4.1, which refer to the asymptotic
behavior of P(R™ > x) for any finite 7.

Proof of Lemma 3.1. We proceed by induction in n. Forn = 1 fix ¢ /(e + €) < § < 1 and note
that

Ny
P(R(l) >x)=P (Z Cw,nQw,)+ Op > x)

i=1

N
P(ZCiQi >x—0.10| sx‘s)
i=1
N
+P<ZCiQ,- >x— 0,10 >x5>,

i=1

where Q is independ_ent of the {Q;} but not of (N, Cq, Ca, ...). By Theorem 2.6 in [22] and the
regular variation of G,

N N
P(Zc,-Q,- >x— 0,0 §x5> < P(Zc,-Q,- >x—x3>

i=1 i=1
~ P(Zy > (x —x*)/E[Q]) ~ (E[Q])* G (x),

as x — oo, and

N
P (ZciQi >x— 0.1 sx5>
i=1

v

N
P Z Q,~>x+x6)—P(|Q|>x‘S)

i=1

= (E[QD*G () (1 +o(1)) — P (10| > x°).
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Now note that by Markov’s inequality,

E[QI*+]

P(101> ") = =505 =0 (GW)

as x — 00. Therefore,
P(RY > x) ~ (E[QD“G (x).

Now suppose that we have

o n—1
P(R(") > x) ~ @ Zpé(l _ p”_k)“a(x) £ HHE()C).
(1 - p)a k=0

By Theorem A.1,

N
P(R™D > x)y =P (Z CR™ + 0 > x)

i=1

~ (P + H(EIR™D) P(R™ > x)
~ (Hupo + (EIR™)?) G ),

Next, observing that E[R™] = Y"1 E[W;]1 = E[Q]Y_/_, p' = E[Q](1 — p"*1)/(1 - p), we
obtain

1 — n+1\a
Hypo + (EIR™D* = Hypy + (E[Q])“ﬁ
(ELQD* 141 n—kya  (E[OD* n+lya
= 1 Tl -
(l_p)a;opa A=p" 4 e ="

(E[QD > pd(1 - prHimiye 4 (E[2D (1 — prlye

(11— p) (1—p)

= Hp+1-

j=1

This completes the proof. [

Proof of Lemma 4.1. We proceed by induction in n. By Theorem A.2,

Ny
PRV =x)=pP (Z Cw,iyQw,i) + Qp > x) ~ (pe + 1) P(Q > x)

i=1
as x — oo.
Now suppose that we have

P(R™ > x) ~ Zp";P(Q >x) 2 H,P(Q > x).
k=0

Then by Theorem A.2 again
N

[
PR > x) = P (Z Con R + Qp > x)

i=1
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~ (,Oa + Hn_l) P(R™ > x)
~ (peHy +1) P(Q > x)
= H, 1 P(QO>x). 0O

5.2. Uniform bounds for P(W,, > x)

This section contains the proof of Proposition 3.2 and a sketch of the proof of Proposition 4.2.
The first proof is rather involved, and a great effort goes into obtaining a bound for one iteration
of the recursion satisfied by W,,, so for the convenience of the reader it is presented separately
in Lemma 5.1. This lemma can also be used to prove the corresponding uniform bound for W,
in the case when Q dominates the behavior of R. Throughout this section assume that 1/L(x) is
locally bounded on [1, o), and recall that if L(¢) is slowly varying, then lim;_, o t* L(t) = o0
for any ¢ > 0.

Lemma 5.1. Suppose that P(Zy > x) < x *L(x), with « > 1 and L(-) slowly varying,
PV pa < 1, and pyre < o0 for some € > 0. Assume further that E[(Q1)P] < oo for
any 0 < B < «. Then, for any 0 < § < min{(e — 1)/2,€,1/2} and any T > O, there
exists a finite constant K = K(€,8,T) > 0 that does not depend on n, such that for all
0<n logx and all x > 1,

€
= 2Tog(pvra)l
PW,' ;> x) < K(pV po)"x *L(x)

N
+E|:1( sup C,-5x/T>Zl(ciW;i>(1—5)x)}.
i=1

1<i<N+1

To ease the reading of the proof of Lemma 5.1 we will split it further into several lemmas. To
avoid repetition we give below most of the notation that will be used. We start by defining
INO)=#1<i<N+1:C; >t}
INGOD =#1<i<N+1:GW, >1}.
When N = oo the convention will be to interpret N + 1 = N = oo; the use of the range
1 <i < N + 1 then guarantees that i is finite.
For the same ¢ > 0 and 0 < § < min{(o — 1)/2, €, 1/2} from the statement of the lemma,
define y, = [|W,H|l11s = (E[(W,)! 1/ 1+ We also define
v=¢/Qa+e), y=x/logx, w=x"",
an =8 2E[QT1(p V pras)™ 1.
Before going into the proof, we would like to emphasize that special care goes into making
sure that K in the statement of the lemma does not depend on n. This is important since

Lemma 5.1 will be applied iteratively in the proof of Proposition 3.2, where one does not want
K to grow from one iteration to the next.

Lemma 5.2. Under the assumptions of Lemma 5.1, there exists a constant K1 = K(5, v, ¢)
such that forall x > 1 and all0 < n < clogx,

N
P (Z W, (CW,T <) > 8x, Zy < x/an, IN(w/ys) = 0)
i=1

< Ki(pV pa)"x"*L(x).
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Proof. By Lemma 3.2 in [22] (withv = y,u = w,z =6x,n =145, and A = (—o0, x/a,]),
there exists a constant K11 = K1,1(8) > 1 such that (25) is bounded by

+ +
—%log(y/w)<8x—<E[Wn+]+%> ZN>
E | W(Zy < x/an)e

5 toeto/w 5x— ((Erw e KLl s )
-3 og(y/w)| sx—| E[W, ]+W x/an

K
< o3 toetr/w (3= (EIQ 1"+ g ) /)

= )

where we used E[W,/] < E[QT]p" and y, = ||W,}||1+s. From Proposition 2.2 we know that

1/(148
W hes = (ELOVHH)YY Y < Koo v pres)” M) < K12(6%/E[QDay, where
K12 = K1,2(8) > 0is a finite constant. It follows that (25) is bounded by

2
_3 _(s2 né/(1+6), _K1,1K1,28
o ) log(y/w)<8x (8 (PVPI+5) + 5o eso7m )
E[QT Tlog(y/w)

_s2 2(1_loglogx) (| _ _’917’92‘3)
—e d“v(log x) (1 viogx )(1 8 E[QF]log(xV/logx)

< 0126 (0gx)? (20

—82log x log(y (1—5—
<e ogx log(y/w)

where the last inequality holds for all x > x; for some x; = x1(§,v) > 0. Now we choose
x2 = x2(8, v, ¢) > x1 such that 2v(1 — 28)%logx > a + 8 + c|log(p V pg)| for all x > x5 to
obtain that (20) is bounded by

e—(ot+8)logx—c|10g(,ov,oa)\logx _ )clogx
- 9

1
W(P V Pa
for all x > x5. Next, define K1 3 = K13(8, v, ¢) as

2 2(1_loglogt s Ki,1K1,08 )
1 $2v(log ) (1 oglog )(1 5= FoFroa loen) < oo,

Ki3= sup - .
1<t<x, 1748 (p v pg)clogt

to obtain that
N
P (Z CiW,5 1(CiW,F <) > 8x, Zy < x/an, In(w/yn) = 0)
i=1
K3 X
< W(P V po)Cloer

K3

< ars PV pa)"

forallx > 1and 0 < n < clogx. Finally, set K1 = K3 suptzl(t’SL(t))_1 to complete the
proof. [

Lemma 5.3. Under the assumptions of Lemma 5.1, there exists a finite constant K» = K2(§, v)
such that for all x > 1,

PUn(K) =2, Zy <x/an, IN(w/yn) = 0) < Ka2(p V po)"x"*L(x).
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Proof. Let 7 = o (N, Cy, C,, ...) and use the union bound to obtain

PUN(K) 22, Zy < x/an, IN(w/yn) = 0)

= E[l(ZN < x/an, IN(w/yn) = 0)

x E {1 ( U cw,, > y,cjw,;fj > y})‘fﬂ
1<i<j<N+1

< E[1Zy = x/an Iv@w/y) = 0)

x Y E[l (C,-W,j,. > 5. CWE > y)‘f]]
I<i<j<N+1

< E | 1(Zy < x/an. In(w/ys) = 0) (ﬁjE [1(ciwyry = )| c ])2 ,
i=1

where in the last step we used the conditional independence of C; WI ; and Cj W: f given F.
Now, by Markov’s inequality,

(i) =0 Y B [1(ciw = v)|a] = 1aw/yn =0
i=l1

ELCW, )G

X Z 1+

i=1

1 N
= S 1 UIn(w/7) = 0) Doy
i=1
1 w?
y1+5 (w/yn)(S +8ZN - y1+8 VnZN

| /\

Similarly, for 8 = o — §v/2 > 1,

gE[ (clw,ji >y))c,] 5;

It follows that

E[(c,w+ )P1Ci E[(W+)’3]Z 3

i=

A
=

r N
P(n(») =22, Zy < x/an, IN(w/yn) =0) < E| 1(ZN = x/an)ZNZCiﬂ:|
L i=1

8

SETE v ELOW,DP]

)
Zcﬁ} i o ELW,)

B+1+8

IA
=

(]0gx)ﬂ+l+5 Yn

= Pp a5 EIOWDML o @n
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By Proposition 2.2, there exists a constant K21 = K2 1(8) > 0 such that E[(W,f)ﬂ] <
K> 1(p V pg)". This combined with the observation y, < K1,2(82/E[Q+])an for some constant
Ki 2 = K,2(8) made in the proof of Lemma 5.2 gives that (21) is bounded by

Ki2K218% (logx)P*1+9
PPTEIOTT T xVRL(x)

< K1 2K, 182 (log 1)PH1+3
=< B -

) (pV pp)'x *L(x)

E[0O1] f?; V2Lt )(P\/Pﬂ) x % L(x)

forall x > 1. The convexity of f(6) = py gives pV pg < pV py, which completes the proof. [J

Lemma 5.4. Under the assumptions of Lemma 5.1, there exists a finite constant Kz =
K38, €, T) such that for all x > 1,

1
PUnw/ya) =2 D)+ PUnw/ya) =0,In(x/T) =2 1) < K3 ((p Vv opa)" + W)

x x~*L(x).

Proof. First note that from the union bound we obtain

N N
P(Iy(w/yy) = 1) = E [1 (U{Ci > w/yn}ﬂ <E [Z 1(Ci > w/m}

i=1 i=l1

o0
=Y P(Ci>w/y,, N =i)

i=1
= ZE[](N > D)E[(Ci > w/yn) NI
i=1

ya+e 00 N N N ya+e

n o+e N7 a+e n

= wote 21: E [Ci IV =2 l)] =E Z Ci xa+e/2” (22)
i=

i=1

Recall from the proof of Lemma 5.2 that y, < Kia(p V ,01+3)"/ (+8) for some constant
K12 = K1.2(8). It follows that (22) is bounded by

a+e€ 1 1
Pate (Kl,z(p \ /01+5)"/(1+5)) waren = Pate K30V p115)" ate2’

for any x > 0. Now, to bound the second probability in the statement, note that the same
arguments used above give

PUnw/yn) =0,In(x/T) = 1) < P(UN(x/T) = 1) < Pa+eT“+6xa%.

The convexity of f(6) = py gives p V p14+s < p V py, from where it follows that there exists a
constant K3 1 = K3 1(6, €, T') such that
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PUnw/yn) =2 D+ PUnw/ya) =0,IN(x/T) = 1)

| P
= K3, <(,0V,0a)"+x€/2>x ae/?

x"%L(x)

1 1
<K Vo)t + —= _
< K3 <(/) Pa) +x6/2>?311> L)

forallx > 1. [

Lemma 5.5. Under the assumptions of Lemma 5.1, there exists a finite constant K4 = K4(3)
such that for all x > 1,

P(Zn > x/ay) < K4(p V pe)"x ¥ L(x).

Proof. We use Potter’s Theorem (see Theorem 1.5.6(iii) in [6]) to obtain that there exists a
constant xo = xo(2, §) > 0 such that for all min{x, x/ag} > xo

(x/ap)™*L(x/ay) )
x %L(x)

—o+6 —a—48
< 2max{(x/an) , (x/an> }x_“L(x)
x x

-6
(E[Qﬂ(p D )
= 2max ;

P(Zy > x/ay) < x “L(x)

52

ElOot n/(148) a+s

( [Q ](10 v8§1+5) ) x*OtL(x)
a+s

- 2(E[Q*] Vv D

S e AR JED My A0}

The convexity of f(6) = py and our choice of § gives (p V p14s) @91+ < (p v py)*, from
where it follows that

2(E[QF] v 1)atd

P(Zy > x/an) < ==

(P V pe)"'x *L(x) = Ka,1(p V pe)"x " L(x)

for all x > max{xg, apxo}. For the values 1 < x < max{xg, apxp} use Markov’s inequality to
obtain

a—34
P(Zy > x/an) = —— < Ka1(pV o) x0T
X
/8
< K4, sup — x " *L(x).

1<t<max{xg,apxo} L(t)
Setting K4 = K41 max {1, SUP; —/ <max(xo.aoxo) 2L (1) ™'} gives the statement of the lemma. O

We are now ready to give the proof of Lemma 5.1.

Proof of Lemma 5.1. First recall that W, 2 vaz 1 CiW, i, where the W, ; are i.i.d. having the
same distribution as W, and are independent of the vector (N, C1, C», . ..). The idea of the proof
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is to split {Z,N= 1 Ci WI ; > x} into several different events, and bound each of them separately.
We proceed as follows,

IA

P (W;:rl = x)

N
P (Z Cl-W;fl- > x)
i=1

N
P (Z CW' >x,Zy < x/an) + P(Zy > x/an)

i=1

IA

A

N
P (Z CiW,[; > x, Zy < x/an, In(w/y,) = 0)

i=1

+P (Unw/yn) 2 1)+ P (Zy > x/an)

N
<P (Z CiW,, > x. In() = 0. Zy < x/an. Iv(w/ya) = 0) (23)
i=1

i=1
+PUNO) =2, Zy <x/ay, IN(w/yy) = 0)
+PUyw/yy) =)+ P(Zy > x/ay).

N
+P (Z CiW, > x, In) =1, Zy < x/an, In(w/ya) = 0) (24)

Note that the probability in (24) is bounded by

P <§j CiW,5; > x, ING) = 1, In((1 = 8)x) =0, Zy < x/ay, Iy(w/yn) = 0)
TP Un (1 =8)x) = 1, Iy(w/yy) = 0)
<P (i CWHCW, <) > 8x, Zn < x/an, Iy(w/ya) = 0)
+ PI(ZJIN((l —8)x) = 1, In(/T) =0)+ P (Ux(w/ya) =0, Iy(x/T) = 1),
while (23) is bounded by
N
P (Z CiW,S1CW, <) > x, Zy < x/an, In(w/va) = 0) :
i=1

It follows that

N
P(W/  >x) <2P (Z CiW, L HCW,5 < y) > 8x, Zy < x/an, IN(w/yn) = 0) (25)
i=1

+P (ING) = 2, Zy < x/an, In(w/ya) = 0) (26)
+ P (Iyw/y,) = 1)+ P (Iy(w/ya) =0, Iy(x/T) > 1) 27
+ P (Zy > x/an) (28)

+PUn(=8)x) =1, In(x/T)=0).
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By Lemmas 5.2-5.5, the sum of the terms on the right-hand sides of (25)—(28) is bounded by
QK1+ K2+ K3 + Ka)(p V po)"x ™ “L(x) + K3x /L (x)

forallx > landall0 <n < m log x, where K1, K>, K3, K4 are finite constants that

only depend on €, § and T. Moreover, for this range of values of n we have

log x

X2 = (p v po) TR %X < (v py).

Define Ko = Ko(8, €) = 2K + K, + 2K3 + K4 to obtain that

P(WH

i1 > X) = KooV pa)"'x™*L(x) + P (Un((1=8)x) = 1, In(x/T) =0).  (29)

To bound (29) use the union bound to obtain

P (Un(d=8)x) = 1,Iny(x/T) =0)

N
=E |:1(IN(x/T) =0)-1 (U{C,-W,jl. >(1— 8)x})j|

i=1
N
<E |:1(1N(x/T) —0Y 1 (Ci Wi, > (1 - 5)x)] , (30)
i=l1

which completes the proof. [
We can now give the proof of Proposition 3.2, the main technical contribution of the paper.

Proof of Proposition 3.2. Recall that G(x) = P(Zy > x). Note that it is enough to prove the
proposition for all x > x| for some x; = x1(n,€) > 1,since forall ]l <x <xjandn > 1,

p(W+ >x) = Mnnﬁ(x)
! 7" G (x)
- E[Q*_]ﬁ")c‘l
n"G(x)
E[Q0*]
= Sup —— -
1<t<x; 1G(2)

n"G(x) (by Markov’s inequality)

G(x).
Next, choose 0 < § < min{(a — 1)/2, €, 1/2} such that

Ou (5 . 5)*“*1) <. 31)

Now note that by Potter’s Theorem (see Theorem 1.5.6(iii) in [6]), there exists a constant
x0 = x0(2, 6) > 0 such that

NG —-8)x/C)
E -_—

i=1
N
<E [Z 2(1 = 8)“Cf max{((1 = 8)/C)™°, ((1 — 6)/6,-)5}]
i=1

<2(1 = 8) % (py—s + Pats) < 00
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for all x > x¢. And for 1 < x < x9 Markov’s inequality gives

N G((1 - 8)x/Ch) 1 N E[z4 01000
E — —E :
|:Z G(x) = G(x) ; - 8)a78xa78

i=1

ELZ{1pas 1ot
< —Toges S =<
) 1<t<xg G ()
Hence, by dominated convergence,

N G = 8)x/C; N G((1 —8)x/C;
Jim [Z %] ~t [lefgo %} (e

i=1

It follows that there exists x; = x1(§) > 1 for which

NG - 8)x/Cy) :
_— 1—=8)7"%"py 32
E [?:1: o) <(1-8€"1p (32)

forall x > x;. Set T = 2x.

Now, by Lemma 5.1, there exists a finite constant Ko > 0 (that does not depend on n) such
that

P(W," ;> x) < Ko(p V pa)"G(x)

N
E |:1(IN(x/T) =0) 21 (c Wi > (1 - S)x):|

forallx >1and0 <n < logx.Let K1 = (6py)~ 1K, to obtain

€
2[log(pV pa)l

PW}, > x) < Kiopan"G(x) + E |:1(IN(x/T) —0) Z (C Wi > (1 - 8)x>:| (33)
i=1

forallx > 1and0 <n < mlogx.
Now we go on to derive bounds for P(W, > x) for different ranges of n. For the values

l1<n< m log x we proceed by induction. Let 7 = o (N, C1, C3, .. .). Define

Po+e 1
K> =max { K1, K18 + E[(QN)* T ]—=
{ ¢ n ,>11)t€L(t)

For n = 1, we have by (33),
. N
P(W > x) < Ki8p,G(x) + E |:1(IN(x/T) —0Y 1 (CiW(fi > (- 8)x>:| ,
i=l1

where W(f ;= Q;r and {Qi+} are independent of (N, Cy, C», ...). By conditioning on F we get

N
E |:1(IN(x/T) —0) Zl (Ciw(fi > (- 8)x>:|

—E |:1(IN(x/T) = O)ZE (C:0f > (1 —-8)x) |]—"]j|

i=1
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N +ya+e
E[(Ci Q,‘ ) |Ci] L. )
<E [; Lote (by Markov’s inequality)
= E[(QT)* " 1pgpex ¢

+\a+e 1 2l
< E[(Q7)" " 1pa+e fgp L0 G(x).

It follows that

P(W+ >x) < <K15 + E[(Q )a+e]pan+e sup

1 _ _
PG )> nG(x) < KanG(x)

for all x > 1. Suppose now that
Gn(x) £ P(W,” > x) < Kan"G(x) (34)

for all x > xj.

Let2 <n < log x. Then, by the induction hypothesis (34), we have for all x > x1,

€
2[log(pV pa)l

N
E |:1(IN(x/T) =0 1(aws > - 8)x):|

i=1

N
—E |:1(IN(x/T) —0) E [1 (C,»W,j,. > (1— 8)x>).7:]:|
i=1
N
=E {1(1N<x/T> =0)) Gu((1 - S)x/ci)}
i=1

N
< K:n"E |:1(IN(X/T) =0) ZE((l - 5)X/Ci)]

i=1

— N G((1-8)x/Ch)
= Ka"G)E | 1Uy(x/T) =0) Y ——— 1
21" G (x |: N(x/ ; G

< Kan"(1 = 8) " p G (),
where in the last inequality we used (32). Then, by (33)
P(W,\ > x) < Kidpan"G(x) + Kon" (1 = 8) ™ pu G (x)
K2 (841 =8™") pun"G o)
Kon"*'G (v),

IA

IA

for all x > x;.

Finally, for n > log x, we use the moment estimates for W,,. Define

€
2[log(pVpa)l

log(1
n — 1 > 0 and — M
oV Po 2[log(p V pa)l

E =
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Choose 0 < s < min{k/2, « — 1}. Then, by Markov’s inequality and Proposition 2.2, we have

P(W,[ > x) < E[(W,)* o™
Koy s(pV po—s)'x”
Kol—s(l +8)71’ln}1x70{+s

Kafsx_ log(1+¢) m nnx—a-q-s

a+s

IN A TA

IA

— Ka_snl‘leolfKJrS (35)

for all x > 0. Our choice of s now gives

t*/{/2
P(W' > x) < Ky_yn"x /% < Ko sup

P To G (x) = K3n"G(x)

forall x > 1.
‘We have thus shown that

P(W,} > x) < max{K», K3}n"G(x)
forallx > xjandn > 1. 0O

We end this section with a sketch of the proof of Proposition 4.2. As mentioned before, the
proofs of the other results presented in Section 4 have been omitted since they are very similar
to those from Section 3.

Sketch of the proof of Proposition 4.2. Follow the proof of Proposition 3.2 up to inequality
(32) substituting G(x) = P(Zy > x) with F(x) £ P(Q > x) = x~“L(x). Now note that
by Markov’s inequality

P(Zy > x) < E[Z§H ¢
for all x > 0, so we can use Lemma 5.1 to obtain

PW," | > x) < Ko(pV po)" ELZY Ix ™€

N
+E |:1(1N(x/T) =0 1CW, ;> (- S)x):|

i=1

forallx > landall0 <n < m log x; Ko > 0 1is a constant that does not depend on .

Let K1 = (8p) ' KoE[Z% ] sup,~ t7¢/L(1) to derive

N
P(W, " > x) < Ki8pan"F(x) + E |:1(IN(x/T) =0) Z Gw, > - 8)x)i| (36)
i=1

forallx > landall0 <n < mlogx.

Now define 7 = o(N,Cy,Cs,...) and K = max{Ky, 1}. For the values 0 < n <

: : _ + _ ot wi +
m log x we proceed by induction. For n = 1 we have Wy, = Q,", with the {Q;"}

i_ndependent of (N, Cy, Ca,...). By conditioning on F and using (32) (with G (x) substituted by
F(x)), we get
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i=1

N
E |:1(IN(x/T) =0) > HCW; > (11— 8)x)i|

N
=E {WN(x/T) =0 F((- 8>x/c,»>}

i=1
< (=8 p,F(x).
It follows that
P(Wit > x) < K18pa F(x) + (1 = 8) ™' py F(x) < KanF (x)

forall x > 1.

The rest of the proof continues exactly as that of Proposition 3.2 with G (x) substituted by
Fix). O
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Appendix. Some results for weighted random sums

We include in this appendix two results related to the asymptotic behavior of randomly
weighted and randomly stopped sums. The first one is a quick corollary of a theorem from [22]
that allows the addition of the Q term for the case where Zy has a regularly varying distribution.
The second one also uses some of the results from [22], but is more involved since it refers to the
case where Q has a regularly varying distribution. Both of these results may be of independent
interest.

Theorem A.1l. Let {X;} be a sequence of i.i.d. random variables with common distribution
FeR_g,o>1, E[(Xl_)l"’e] < 0o for some 0 < € < a — 1, and E[X1] > 0. Assume further
that (Q, N, Cy, Ca, ...) is a random vector, independent of the {X;}, with N € NU {00}, C; >0
foralli e N, and Q € R. Then, if Zy = ZlNzl C; satisfies P(Zy > x) ~ cP (X1 > x) for

somec >0, E [ZlN:l C;H'G] < 0o and E[|Q|*T€] < oo, we have

N N
P (Z CiXi+0 > x) ~ (E [Z Cf‘:| +c(E[X1])°‘> F(x)
i=1 i=1
as X — OQ.
B

o<

D=
B

(Zle yi) for y; > 0 and any 8 > 1 gives E [ZlN:l Cf‘_e] < E[Z3%7]. which is finite

by the assumption P(Zy > x) ~ ¢F (x). Then, by Theorem 2.5 in [22] and the remark after it,

PSN+0>x) < PSN+0>x,0<x/logx)+ P(Q > x/logx)
E[|Q|**]
(x/logx)ate

Proof. Let Sy = Z,N= 1 CiX;, and note that since « — € > 1, the inequality Zle y

IA

P(Sy > x —x/logx) + (by Markov’s inequality)
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Sy -
~E ch’ F(x —x/logx)
RETI

+ P(Zy > (x — x/logx)/E[X1]) + 0 (F(x))

Sy -
~ E Y C* | F(x)+ c(E[X])F (x).
T

For the lower bound, the same arguments give

PSv+0O>x)>PSnv+0>x,0>—x/logx)
> P(Sy >x+x/logx) — P(Q < —x/logx)
> P(Sy >x+x/logx) — M
B (x/logx)te

2

N
E [Z c;*} F(x)+c(E[XD)*F(x). O

i=1

Theorem A.2. Let {X;} be a sequence of i.i.d. random variables with common distribution
FeR_g o>l E[(Xl_)1+5] < 00 for some € > 0. Assume further that (Q, N, Cy, Ca,...)
is a random vector, independent of the {X;}, with N € NU {o0},C; > O foralli € N, and
QO € R. Then, if P(Q > x) ~ cP(X1 > x) for some ¢ > 0, and Zy = Z,N=1 C; satisfies
E [Z%Jré] < 00, we have

N N
P <ZC,-X,- +0> x> ~ <E [chx} +c) F(x)
i=1 i=1

as x — oo.

Proof. Let Sy = ZZN=1 C;X; and define Jy(t) =#{1 <i < N+ 1:C;X; > t}. Assume that
0<e<a—landsetv=e/Q+e),y = (ENXi|*N" w=x1=v/y,y=x/logx
and § = 1/,/log x. Also note that

N oa—€
E [Z c;ﬂ < B[z = (E[25 ) < oo
i=1

Then,

POSy+0>x) < PON+0>x,5v>1-=¥8x)
+P N+ QO >xSv=(0-8x,0>(-¥x)
+PEN+Q>xSv=(1-8x,0=1-¥x)
< PWSy>U-=8x)+ PO >(1-08)x) (A1)
+PON+O0>x, S8 =<(1-=08x,0x <0 <(1-¥6)x). (A2)

By Theorem 2.3 and the remark following Theorem 2.5 in [22], we have that (A.1) is equal to

N
E [Z Cf‘i| F(x) + cF(x) + o0 (F(x))

i=1
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as x — oo. To analyze (A.2) first note that it is bounded by

P(Sy >6x,0 >6x) < P(Sy>6x,0>6x,Zy <w)+ P(Zy > w)
P(Sy >08x,0>6x,Zy <w,Iy(y) =0)

+P(Q>6x,Zy <w,INQy)>1)+ P(Zy > w)

N
<P (Z Cl-Xl-Jr >8x,Iy(y)=0,Zy < w)
i=1

+P(Q>éx,Zy <w,INQY)>1)+ P(Zy > w)

=
=

N
<P (Z CXTUCiX <y)>68x,Zy < w) (A.3)
i=1
+P(Q>6x,Zy =w,Iy(@y)=1) (A.4)
+P(Zy > w).

Now, by Lemma 3.4 in [22] (note that Zy < w implies Iy(w) =#{l <i < N+1:C; > w} =
0), (A.3) is bounded by K x" for any h > 0, in particular, for 4 = o + €, from where it follows
that it is o (f(x)). Here and in the remainder of the proof K > 0 is a generic constant, not
necessarily the same from one line to the next. To analyze (A.4) let ¥ = o (Q, N, C1,C2,...)
and note that we can write the probability as

E[1(Q > éx,Zy = w)E[1(Un(y) = DI|F]]

N
<E |:1(Q > éx, Zny < w) ZE[I(C,'X[ > y)|f]] (by the union bound)

i=1

E[1X1]'€]
y11+e E

N

(Q>6éx.Zy<w) Y. c}“} (by Markov’s inequality)
i=1

l 14+€

P(Q > éx)

K 1+e Kw
Sk [I(Q > 8x, Zy < w)Z); ] < e
K (log x)'*¢
= WF(SX) =

K(logx)l+a/2+3e/2_ o
= (o F(x)=o0 (F(x)) ,

K (logx)'*¢
x(]+e)ev5a+e F(x)

where in the sixth inequality we used Potter’s Theorem (see Theorem 1.5.6 in [6]). Finally, from
Markov’s inequality we get

E[Z5] K K
wote = x(1=v)(@+e) = xoz+5/2 = O(F(x)) .

P(Zy >w) <

We have thus shown that (A.2) is o (f (x)), and the upper bound follows.
For the lower bound we have that

PSy+0>x)>PSy+0>x,Zy <w,Sy > (14+§x)
+PEN+O0>x,Zy =w, Sy = (1 +8)x, 0 > (1+)x)
=PSy>U4+0)x,Zy <w)+P(Q>U+6x,Zy <w) (A)D)
—PSN+0O<x,Zy <w,Sy > (14)x) (A.6)
—PON+O=<x,ZNy <w,Sn =1 +8x,0>(1+d8x) (AT
—PZy=<w,Sv>0+8x,0>(1+x). (A.8)
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Note that (A.5) is bounded from below by

N
P(Sy > (14+8)x) + P(Q > (1 +8)x) —2P(Zy > w) = E [Z C;"] F@)

i=1
+ cf(x) +o0 (f(x)) ,
by the same arguments used for the upper bound. Also note that we can bound the sum of the
probabilities in (A.7) and (A.8) by
P(Sy < =6x,Zy =w,Q >x)+ P(Sy > 0x,Zy =w, Q > x)
<2P(Zy =w,|SN| = bx, Q > x)
=2E[1(Zy =w, @ > x)E[1(|Sy| = 6x)|F]]

< CE[Zy < w, Q> OESWIFI] (by Markov's inequality)
X
2ENX1]
=T [1(Zy = w, O > x)Zy]
1/2_ o
< E0p >0 = KD DT = o (Fi)

It only remains to analyze (A.6). Let k = v? and note that the probability in (A.6) is bounded by

PSN+0=<x,Zy =w,Sv > {+8x, Jy(kx) =0)
+PSN+O0<x,Zy<w,Sv>{0+6x,Iykx)>1)

N
<P (Z CiXi1(CiX; <kx)>(1+86x,Zy < w) (A9)

i=1
+ P(Q < —=6x,Zy <w,Sy > (1 +8)x, Iykx)>1). (A.10)
By Lemma 3.2 in [22], withu = x'™", v = kx,z =x,7p =1+ € and A = (—o0, w] (note that
Zn < w implies Iy (w) = 0), (A.9) is bounded by

- 1og(Kx“)<x—(E[Xl]+lof+v))+ZN> € log(ix")
E|1(Zy < w)e 5 < Ke xloslx

< W =0 (F(.X)) .
As for (A.10) use Potter’s Theorem (see Theorem 1.5.6(iii) in [6]) to obtain,
P(Q < —=éx,Zny S w, In(kx) > 1)

N
<E |:1(Q < —=0x,Zn < w)Zf(/cx/Ci)] (by the union bound)

i=1

N
< KF(x)E |:1(Q < —8x) ZC;"+6:| (by Potter’s Theorem)

i=1

<KF®)E[I(Q < —8x)Z5"]

=o(F(),
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where in the last step we used dominated convergence (E[Z%] < o0) to see that
E[1(Q < =8x)Z4"] - 0asx —> o0. O
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