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Abstract: We extend Goldie’s (1991) Implicit Renewal Theorem to enable the analysis of recursions
on weighted branching trees. We illustrate the developed method by deriving the power tail asymptotics
of the distributions of the solutions R to

RBEN:CR 9<N )
= iRi + Q, R= \/CiRi VQ,
i—1

=1

and similar recursions, where (Q,N,Ci,...,Cn) is a nonnegative random vector with
N €{0,1,2,3,...} U{oo}, and {R;};en are iid copies of R, independent of (Q, N,C1,...,Cn); here
V denotes the maximum operator.
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1. Introduction

This paper is motivated by the study of the nonhomogeneous linear recursion

N
REY CiRi+Q, (1.1)

i=1

where (Q, N,C1,...,Cy) is a nonnegative random vector with N € NU {0}, N ={0,1,2,3,...}, P(Q >
0) > 0, and {R;}ien is a sequence of iid random variables independent of (@, N,C1,...,Cy) having the
same distribution as R. This recursion appeared recently in the stochastic analysis of Google’s PageRank
algorithm, see [27, 20] and the references therein for the latest work in the area. These types of weighted
recursions, also studied in the literature of weighted branching processes [25] and branching random walks
[8], are found in the probabilistic analysis of other algorithms as well [26, 24], e.g. Quicksort algorithm [14].

In order to study the preceding recursion in its full generality we extend the implicit renewal theory of
Goldie [15] to cover recursions on trees. The extension of Goldie’s theorem is presented in Theorem 3.2 of
Section 3. One of the observations that allows this extension is that an appropriately constructed measure
on a weighted branching tree is a renewal measure, see Lemma 3.1 and equation (3.5). In the remainder of
the paper we apply the newly developed framework to analyze a number of linear and non-linear stochastic
recursions on trees, starting with (1.1). Note that the majority of the work in the rest of the paper goes into
the application of the main theorem to specific problems.

In this regard, in Section 4, we first construct an explicit solution (4.6) to (1.1) on a weighted branching tree
and then provide sufficient conditions for the finiteness of moments and the uniqueness of this solution in
Lemmas 4.4 and 4.5, respectively. Furthermore, it is worth noting that our moment estimates are explicit,
see Lemma 4.3, which may be of independent interest. Then, the main result, which characterizes the power-
tail behavior of R is presented in Theorem 4.6. In addition, for integer power exponent (o € {1,2,3,...})
the asymptotic tail behavior can be explicitly computed as stated in Corollary 4.9. Furthermore, for non
integer o, Lemma 4.1 yields an explicit bound on the tail behavior of R. Related work in the literature of
weighted branching processes (WBPs) for the case when N = oo and @, {C;} are nonnegative deterministic
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constants can be found in [25] (see Theorem 5), and more recently, for real valued constants, in [5]. However,
these deterministic assumptions fall outside of the scope of this paper; for more details see the remarks after
Theorem 4.6 in Section 4.2.

Next, we show how our technique can be applied to study the tail asymptotics of the solution to the critical,

E [Zi\il CZ} = 1, homogeneous linear equation

N
REN"CiR;, (1.2)
i=1
where (N,C1,...,Cn) is a nonnegative random vector with N € N U {oco} and {R;};en is a sequence

of iid random variables independent of (N,C4,...,Cy) having the same distribution as R. This type of
recursion has been studied to a great extent under a variety of names, including branching random walks
and multiplicative cascades. Our work is more closely related to the results of [23] and [18], where the
conditions for power-tail asymptotics of the distribution of R with power exponent a > 1 were derived. In
Theorem 4.10 of Section 4.2 we provide an alternative derivation of Theorem 2.2 in [23] and Proposition
7 in [18]. Furthermore, we note that our method yields a more explicit characterization of the power-tail
proportionality constant, see Corollary 4.11. For the full description of the set of solutions to (1.2) see the
very recent work in [3]. For additional references on weighted branching processes and multiplicative cascades
see [2, 23, 22, 28, 24] and the references therein. For earlier historical references see [21, 17, 13].

As an additional illustration of the newly developed framework, in Section 5 we study the recursion

N
RZ2 (\/ CiRl) VaQ, (1.3)

where (Q, N,C1,...,Cy) is a nonnegative random vector with N € NU {oo}, P(Q > 0) > 0 and {R; }ien
is a sequence of iid random variables independent of (Q, N,C1,...,Cx) having the same distribution as R.
We characterize the tail behavior of P(R > x) in Theorem 5.3. Similarly to the homogeneous linear case,
this recursion was previously studied in [6] under the assumption that @ = 0, N = oo, and the {C;} are
real valued deterministic constants. The more closely related case of @ = 0 and {C;} > 0 being random
was studied earlier in [19]. Furthermore, these max-type stochastic recursions appear in a wide variety of
applications, ranging from the average case analysis of algorithms to statistical physics; see [1] for a recent
survey.

We conclude the paper with a brief discussion of other non-linear recursions that could be studied using the
developed techniques, including the solution to

R2<QCR>
= iR )+ Q.

=1

The majority of the proofs are postponed to Section 7.

2. Model description

First we construct a random tree 7. We use the notation @) to denote the root node of 7, and 4,,, n > 0, to
denote the set of all individuals in the nth generation of 7, Ay = {0}. Let Z,, be the number of individuals
in the nth generation, that is, Z,, = |A,|, where | - | denotes the cardinality of a set; in particular, Zy = 1.

Next, let Np = {1,2,3,...} be the set of positive integers and let U = (J;—,(N4)* be the set of all finite
sequences i = (i1, 12, ...,i,) € U, where by convention N = {0} contains the null sequence §). To ease the
exposition, for a sequence i = (i1, 12, ...,1;) € U we write i|ln = (i1,42,...,%,), provided k¥ > n, and i|0 =0
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to denote the index truncation at level n, n > 0. Also, for i € A; we simply use the notation i = i, that is,
without the parenthesis. Similarly, for i = (iy,...,4,) we will use (i,5) = (i1,...,in,J) to denote the index
concatenation operation, if i = ), then (i,7) = j.

We iteratively construct the tree as follows. Let N be the number of individuals born to the root node (),
Ny = N, and let {N;}iep be iid copies of N. Define now

An = {(il,ig, .. .,in) : (il, .. .,in_l) S An_l, 1< in < N(il"”,i7hl)}. (2.1)

It follows that the number of individuals Z,, = |A4,| in the nth generation, n > 1, satisfies the branching

recursion
Ly = E N;.
icA,_1

Now, we construct the weighted branching tree 7o ¢ as follows. The root node @ is assigned a vector
(Qp; Ny, Cip,1y,---,Congy) = (Q,N,Ch,...,Cn) with N € NU {oo} and P(Q > 0) > 0; N determines
the number of nodes in the first generation of 7 according to (2.1). Each node in the first generation is
then assigned an iid copy (Qi, Ni, C(;,1),- -, C(,n,)) of the root vector and the {N;} are used to define the
second generation in 7 according to (2.1). In general, for n > 2, to each node i € A,,_1, we assign an iid
copy (Q1, Ni,Cii1), - - -, C,ny)) of the root vector and construct A, = {(i,i,) :i € Ap_1,1 < i, < Ni}; the
vectors (Qi, Ni, Cii1), .-+, CG,ny)), 1 € A1 are chosen independently of all the previously assigned vectors
(Qj, N3, Ci51)s -+ C.ny))s § € Ak, 0 < k < n — 2. For each node in 7o ¢ we also define the weight IT(;, ;)
via the recursion

I, =Gy, gy = Cliy,in I nz=2,

01,eenyin_1)>

where I = 1 is the weight of the root node. Note that the weight II;, ;) is equal to the product of all
the weights C(.y along the branch leading to node (i1, ...,i,), as depicted in Figure 1. In some places, e.g.
in the following section, the value of @) may be of no importance, and thus we will consider a weighted
branching tree defined by the smaller vector (N, CY, ..., Cn). This tree can be obtained form 7¢ ¢ by simply
disregarding the values for Q) and is denoted by 7¢.

=1 Zo=1
1I; I 113 Z1 =3
[ ]
RIERY H,2) Uiy  Isy s,2) 3,3 Z2 =6
[ J [ J [ J [ ] [ J [ J

Fic 1. Weighted branching tree

Studying the tail behavior of the solutions to recursions and fixed point equations embedded in this weighted
branching tree is the objective of this paper.
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3. Implicit renewal theorem on trees

In this section we present an extension of Goldie’s Implicit Renewal Theorem [15] to weighted branching
trees. The observation that facilitates this generalization is the following lemma which shows that a certain
measure on a tree is actually a product measure; a similar measure was used in a different context in [9].
Its proof is given in Section 7.1 for completeness. Throughout the paper we use the standard convention
0%log0 =0 for all a > 0.

Lemma 3.1. Let T¢ be the weighted branching tree defined by the nonnegative vector (N,Cy,...,Cn), where
N e NU{cco}. For anyn € N and i € A, let V; = logIl;. For a > 0 define the measure

> 1V € dt)

icA,

U (dt) = e E n=12...,

and let n(dt) = pi(dt). Suppose that there exists j > 1 with P(N > j,C; > 0) > 0 such that the measure
P(logC; € du,C; > 0,N > j) is nonarithmetic, 0 < E [Zfil cy logC’l} < oo and E [Zfil Cf} =1

Then, n(+) is a nonarithmetic probability measure on R that places no mass at —oo and has mean

NS N
/ un(du) = E ZC’;“ log C;
j=1

— 00

Furthermore, pp,(dt) = n*"(dt), where n*™ denotes the nth convolution of n with itself.

We now present a generalization of Goldie’s Implicit Renewal Theorem [15] that will enable the analysis
of recursions on weighted branching trees. Note that except for the independence assumption, the random
variable R and the vector (N, C1,...,Cy) are arbitrary, and therefore the applicability of this theorem goes
beyond the recursions that we study here. Throughout the paper we use g(z) ~ f(z) as & — oo to denote

Theorem 3.2. Let (N,Cq,...,Cy) be a nonnegative random vector, where N € N U {oo}. Suppose that
there exists j > 1 with P(N > j,C; > 0) > 0 such that the measure P(logC; € du,C; > 0,N > j) is

. . N [e% N e N
nonarithmetic. Assume further that 0 < E [ijl C5 log Cj] < oo, E [ijl Cj} =1, FE [ijl ﬂ < o0
for some 0 < v < «a, and that R is independent of (N,C4,...,Cn) with E[R®] < co for any 0 < B < a. If

o N
/ P(R>1t) Z (C,R>t)| |t* tdt < oo, (3.1)
0 _

then
P(R>1t) ~ Ht™®, t — o0,

where 0 < H < 00 is given by

o] N
o= 1 /v”‘_l P(R>v)~ B |S1UCR>v)| | do.
j=1

B [Y, Cflog €]

REMARKS: (i) As pointed out in [15], the statement of the theorem only has content when R has infinite
moment of order «, since otherwise the constant H is zero. (ii) Similarly as in [15], this theorem can be gen-
eralized to incorporate negative weights {C;} at the expense of additional technical complications. However,
when the {C;} > 0 and R is real-valued, one can use exactly the same proof to derive the asymptotics of
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P(—R >t); we omit the statement here since our applications do not require it. (iii) When the {log C;} are
lattice valued, a similar version of the theorem can be derived by using the corresponding Renewal Theorem
for lattice random walks. (iv) It appears, as noted in [15], that some of the early ideas of applying renewal
theory to study the power tail asymptotics of autoregressive processes (perpetuities) is due to [16].

Before going into the proof of Theorem 3.2 we need the following monotone density lemma which we prove
in Section 7.1 for completeness.

Lemma 3.3. Let o,3 >0 and 0 < H < co. Suppose fot v t1IP(R > v)dv ~ Ht? /3 as t — oo. Then,
P(R>1t) ~Ht™,  t— .

Proof of Theorem 3.2. Let 7o be the weighted branching tree defined by the nonnegative vector
(N,Ch,...,Cn). For each i € A, and all k& < n define V), = logIl;;; note that II;; is independent of
Ny but not of N, for any 0 < s < k — 1. Also note that iln = i since i € A,. Let Fj, k > 1, denote
the o-algebra generated by {(N;, C(i1),---,Ciny) 11 € A;,0<j < k—1}, and let Fy = o(0,Q), ;o = 1.
Assume also that R is independent of the entire weighted tree, 7. Then, for any ¢ € R, we can write
P(R > ') via a telescoping sum as follows (note that all the expectations in (3.2) are finite by Markov’s
inequality and (3.7))

i (LR >€") | — B > 1R > € (3.2)

@ |k)eAk (ilk+1) €Ak 41

+E| Y 1(I,R> e

(iln)eA,
n—1 Nijk
= Z E Z 1(Hi|kR > et) — Z 1(Hi|kC(i‘k7j)R > et)
k=0 (ilk)EAk j=1
+E| Y 1(IL,R> ')
(iln)eAn
n—1 Nijk
:ZE Z E R>6t V"“ Zl(C(i|k,j)R>€t7Vi|k) Fk
k= (ilk) €Ak Jj=1
+E| Y 1 R>eh| . (3.3)
(iln)eAn

Now, define the measures ,, according to Lemma 3.1 and let

n N
dit) =Y p(dt),  g(t)=e [P(R>e)—E | 1CR>e| |,
— j=1

r(t) = e P(R > ') and Sn(t) = e™E Z (I, R > €')
(iln)
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Recall that R and (Njx, Cijr,1)s - - - » C(i‘kVN”k)) are independent of Fy, from where it follows that

Nijw
E|[1(R> 6t_vi““) — Z 1(C(i|k,j)R > et_Vi““> Fil = ea(Vi“‘_t)g (t — V1|k) .

j=1

Then, for any t € R and n € N,

rt) =Y B | Y eVt = Vig) | +0a(t) = (g% vu—1)(t) + 6a(t).

k=0 (ilk)E€ Ay

Next, for any 8 > 0, define the operator

and note that

e Blt—u) (9% Vn—1)(u) du + gn(t)

=c
—~

~~
~—

|

8

—

88

e-ﬁ(t—u) / g(u _ ’U)l/n—l(dv) du + Sn (t)

t
/ e—,@(t—u)g(u _ ru) du Vn—l(dv) + Sn (t)

— 00

I
—

8

= - g(t*v) Vn—l(dv) +5n(t)
= (§ # Un1) (t) + 0n(t). (34

Now, we will show that one can pass n — oo in the preceding identity. To this end, let n(du) = u1(du), and
note that by Lemma 3.1 n(-) is a nonarithmetic probability measure on R that places no mass at —oco and
has mean,

ué/ n(du) = ZC’“logC > 0.

j=1

Moreover, by Lemma 3.1,

dt) 2 ieo‘tE S 1V ed)| = in*k(dt) (3.5)
k=0 k=0

(ilk)e Ak
is its renewal measure. Since p # 0, then (| f|*v)(t) < oo for all ¢ whenever f is directly Riemann integrable.
By (3.1) we know that g € L', so by Lemma 9.1 from [15], § is directly Riemann integrable, resulting in
(Il * v)(t) < oo for all ¢t. Thus, (|g|*v)(t) = E [ZZO:O D GIk)eAs eVilk|g(t — Vi‘k)@ < 00, which implies that

E [ZZO:() D Giikyea, €V gt — Vi|k)} exists and, by Fubini’s theorem,

(§*v)(t Z > eVig(t — Vi)

k=0 (i]k)€ Ay, |

:ZE Z e®Vikg(t — Vig) | = lm (g vn)(t).

n—oo
k=0 (i]k)EAg
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To see that 0, () — 0 as n — oo for all fixed ¢, note that from the assumptions 0 < E Z;\le C5 log C;
E [Z;\Ll C’JO‘] =1, and E [Zjvzl C]] < oo for some 0 < v < «, there exists 0 < # < « such that
E [Zjvzl C’ﬂ < 1 (by convexity). Then, for such 3,

t
On(t) = / e Plimw)ovp Z 1 (I, R > €e*) | du

e (iln)€An
| 3 / B (I, R > ) du
( In)EA,
min{t,log(Il;, R)}
—edrp | Y / Py
L (iln)€EA,
ela—p)t

S (W R) | (3.6)

(iln)eA,

<
- B

It remains to show that the expectation in (3.6) converges to zero as n — oo. First note that from the
independence of R and 7,

E Z (I, R)? | = E[R°IE Z ()7 |

(iln)EAn (iln)eA,

where E[R’] < oo, for 0 < 8 < a. For the expectation involving IT;),, condition on F;,_1 and use the

independence of (Njjn—1,Cijn—1,1)- -5 C(i|n71,N”n_1)) from F,,_1 as follows
_ N -
E Z (Hi|n)ﬁ =F Z E Z (Hi|n71)ﬁcg‘n_1,]‘) Fn1
(iln)€A, | (iln—1)€A, 1 j=1 1]
[ Nijn—1 17
_ B
S SRR b S R
| GIn—1)eA,_s =1 1]

N
=BG Bl D> (W)’
=1 (ijn—1)EAn_1

N
Z Cjﬁ (iterating n — 1 times). (3.7

Since E [Zj\;l Cf } < 1, then the above converges to zero as n — oco. Hence, the preceding arguments allow

us to pass n — oo in (3.4), and obtain

Now, by the key renewal theorem for two-sided random walks, see Theorem 4.2 in [7],

t

ot [T et v [ A » H
e v P(R>v)dv="7(t) — — g(u)duzﬁ7 t — oo.
0 T .
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Clearly, H > 0 since the left-hand side of the preceding equation is positive, and thus, by Lemma 3.3,

P(R>t)~ Ht™®,  t— o0

Finally,

3

=
|

u
/ e Pt g () dt du
—o0

|
3

eﬁtg(t)/ Be P du, dt
t

I
TlImrEIRrEI®
\w\

8

= g(t)dt
1 [ a ]
= ﬁ/ e | P(R>¢")—E |> 1(C;R>¢")| | dt
o = |
1 [ al ]
= E/ v [ P(R>v) —E |> 1(C;R>v)| | dv.
0 =1 |

4. The linear recursion: R = Zi\rzl C;R; +Q

Motivated by the information ranking problem on the Internet, e.g. Google’s PageRank algorithm [20, 27], in
this section we apply the implicit renewal theory for trees developed in the previous section to the following
linear recursion:

N
REY"CiRi +Q, (4.1)

i=1
where (Q, N,C1,...,Cyx) is a nonnegative random vector with N € NU {co}, P(Q > 0) > 0, and {R; }ien
is a sequence of iid random variables independent of (Q, N,C1,...,Cy) having the same distribution as R.
Note that the power tail of R in the critical homogeneous case (Q = 0) was previously studied in [23] and

[18]. In Section 4.3 we will give an alternative derivation of those results using our method and will provide
pointers to the appropriate literature.

As for the nonhomogeneous case, the first result we need to establish is the existence and finiteness of a
solution to (4.1). For the purpose of existence we will provide an explicit construction of the solution R to
(4.1) on a tree. Note that such constructed R will be the main object of study of this section.

Recall that throughout the paper the convention is to denote the random vector associated to the root node
(Z) by (Q,N, Cl, ey CN) = (QV), N@, C((D,l)7 ey C(@,Nm))-
We now define the process

Wo=Q, W,=>Y @I, n>1, (42)
icA,

on the weighted branching tree 7g ¢, as constructed in Section 2. Define the process {R(")}nzo according to

n
R =3"W, n>0, (4.3)
k=0
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that is, R(™) is the sum of the weights of all the nodes on the tree up to the nth generation. It is not hard
to see that R(™) satisfies the recursion

Nm N
R =3"Cop RSV +Qy=> RV +Q,  n>1, (4.4)
j=1 j=1

where {R§n_l)} are independent copies of R("~1 corresponding to the tree starting with individual j in the

first generation and ending on the nth generation; note that RV

> ) = Q;. Similarly, since the tree structure
repeats itself after the first generation, W,, satisfies

Wn = Z QlHl

€A,
N@ n

= Z Co.r Z Qk,....in) H Ck,....ij)
k=1 (Kyernin) EAR =2
N

D

= Wiy, (4.5)
k=1

where {W,,_1) 1} is a sequence of iid random variables independent of (N, C1,...,Cx) and having the same

distribution as W,,_1.

Next, define the random variable R according to

n—oo

R2 lim R™ =Y "W, (4.6)
k=0

where the limit is properly defined by (4.3) and monotonicity. Hence, it is easy to verify, by applying monotone
convergence in (4.4), that R must solve

Ny N
R=>"ConRY +Qy=> CR™ +q,
j=1 j=1
where {Rg-oo)}jeN are iid, have the same distribution as R, and are independent of (Q, N, Cy,...,Cn).

The derivation provided above implies in particular the existence of a solution in distribution to (4.1).
Moreover, under additional technical conditions, R is the unique solution under iterations as we will define
and show in the following section. The constructed R, as defined in (4.6), is the main object of study in the
remainder of this section.

4.1. Moments of W,, and R

In this section we derive estimates for the moments of W,, and R. We start by stating a lemma about the
moments of a sum of random variables. The proofs of Lemmas 4.1, 4.2 and 4.3 are given in Section 7.2.

Lemma 4.1. For any k € NU{oo} let {C;}¥_, be a sequence of nonnegative random variables and let {Y;}5_,
be a sequence of nonnegative iid random variables, independent of the {C;}, having the same distribution as
Y. For f>1setp=[0] €{2,3,4,...}, and if k = oo assume that Y ;- C;Y; < oo a.s. Then,

k

k B k B
E <Z CiYi> _ Z(Ciyi)ﬁ < (E [Yp—l})ﬁ/(p—l) E (Z Ci)
i=1 =1

i=1
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REMARK: Note  that the  preceding lemma does not exclude the case  when

B|(Shiom)| —wme B[S, 1) - £ 0| <o

We now give estimates for the S-moments of W, for § € (0,1] and 8 > 1 in Lemmas 4.2 and 4.3, respectively.
Throughout the rest of the paper define pg = E [Zf\il C’ﬂ for any 8 > 0, and p = p;.

Lemma 4.2. For0 < <1 and alln >0,

EW] < E[Q]pj.

B
Lemma 4.3. For 3 > 1 suppose E[Q"] < 0o, F {(Zf\il CZ-) } < 00, and pV pg < 1. Then, there exists a
constant Kg > 0 such that for alln >0,

EWJ] < Ks(pV ps)".

Now we are ready to establish the finiteness of moments of the solution R given by (4.6) in Section 4. The
proof of this lemma uses well known contraction arguments, but for completeness we provide the details
below.

Lemma 4.4. Assume E[Q°] < oo for some 8 > 0. In addition, suppose either (i) ps < 1if0 < 3 <1, or
B
(i1) (pVpg) <1 and E [(val Ci) ] < oo if B> 1. Then, E[RY] < oo for all 0 < v < (3, and in particular,

L
R < o0 a.s. Moreover, if 3> 1, R™ =8 R, where Lg stands for convergence in (E| - 1YY8 norm.

B
REMARK: It is interesting to observe that for 8 > 1 the conditions pg < 1 and E [(ZZI\; Cl-) ] < 00 are

consistent with Theorem 3.1 in [2], Proposition 4 in [18] and Theorem 2.1 in [23], which give the conditions
for the finiteness of the S-moment of the solution to the related critical (p; = 1) homogeneous (Q = 0)
equation.

Proof. Let
)P ifg<1
! pVpg, B =>1

Then by Lemmas 4.2 and 4.3,
EW}] < Kn" (4.7)

for some K > 0. Suppose 8 > 1, then, by monotone convergence and Minkowski’s inequality,

n 8 n 3
E[R’] = E | lim (ZWk> = lim E <ZWk>
k=0

k=0
- 178" > ’
< lim (Z (E[W,f]) ) <K (Z n’““) < oo.
k=0 k=0

This implies that R < oo a.s. When 0 < 8 < 1 use the inequality (}_,_, yk)ﬁ < Yrso yf for any y; > 0
instead of Minkowski’s inequality. Furthermore, for any 0 < v < (3,

E[R=E [(Rﬂ)v/ﬂ < (BER")"? < .
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That R™ %% R whenever B > 1 follows from noting that E[|[R™ — R|’] = F [(E;O:nﬂ Wk)q and applying
the same arguments used above to obtain the bound E[|R™ — R|?] < Kn"*1/(1 — n'/8)B. O

Next, we show that under some technical conditions, the iteration of recursion (4.1) results in a process that
converges in distribution to R for any initial condition Rg. To this end, consider a weighted branching tree
To,c, as defined in Section 2. Now, define

R: 2 RY LW, (RY), n>1,

where R("~1) is given by (4.3),
Wa(Rg) = Y Ryl (4.8)
icA,

and {Rai}ieU are iid copies of an initial value Rg, independent of the entire weighted tree 7g ¢. It follows
from (4.4) and (4.8) that, for n > 0,

N N n
=GRV Q4 W (Ry) = G [ RV + 3T Ry ] Coiny | + @ (4.9)

Jj=1 Jj=1 icA, ; k=2

where {R;"_l)} are independent copies of R("~1 corresponding to the tree starting with individual j in the
first generation and ending on the nth generation, and A, ; is the set of all nodes in the (n+ 1)th generation
that are descendants of individual j in the first generation. It follows that

N
:z+1 = ZCJR;,j +Q,
j=1

where {R}, ;} are the expressions inside the parenthesis in (4.9). Clearly, {R;, ;} are iid copies of R}, thus
we show that R is equal in distribution to the process derived by iterating (4.1) with an initial condition
R§. The following lemma shows that R} = R for any initial condition R{ satisfying a moment assumption,
where = denotes convergence in distribution.

Lemma 4.5. For any initial condition R > 0, if E[Q®], E[(R§)”] < o0 and ps = E [Zfil Cf] < 1 for
some 0 < 3 <1, then
R} = R,

with E[RP] < co. Furthermore, under these assumptions, the distribution of R is the unique solution with
finite B-moment to recursion (4.1).

Proof. Since R™) — R a.s., the result will follow from Slutsky’s Theorem (see Theorem 25.4, p. 332 in [10])
once we show that W, (Rj) = 0. To this end, note that W, (Rf), as defined by (4.8), is the same as W, if
we substitute the Q; by the Rj ;. Then, for every e > 0 we have that

P(Wa(Rg) > €) < ¢ "E[W,(R;)"]
< e_ﬂng[(R(’;)ﬂ} (by Lemma 4.2).
Since by assumption the right-hand side converges to zero as n — oo, then R}, = R. Furthermore, £ [RA] < o

by Lemma 4.4. Clearly, under the assumptions, the distribution of R represents the unique solution to (4.1),
since any other possible solution with finite S-moment would have to converge to the same limit. O

REMARKS: (i) Note that when E[N] < 1 the branching tree is a.s. finite and no conditions on the {C;} are
necessary for R < oo a.s. This corresponds to the second condition in Theorem 1 of [12]. (ii) In view of
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the same theorem from [12], 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 4.5

are not restrictive. (iii) Note that if £ [vazl C’f} =1 with « € (0, 1], then there might not be a 0 < f < «

for which E {Zil C’ﬂ < 1, e.g. the case of deterministic C;’s that was studied in [25].

4.2. Main result

We now characterize the tail behavior of the distribution of the solution R to the nonhomogeneous equation
(4.1), as defined by (4.6).

Theorem 4.6. Let (Q,N,C,...,Cn) be a nonnegative random vector, with N € NU {oo}, P(Q > 0) >0
and R be the solution to (4.1) given by (4.6). Suppose that there exists j > 1 with P(N > j,C; > 0) > 0 such
that the measure P (logC; € du,C; > 0,N > j) is nonarithmetic, and that for some o > 0, E[Q%] < oo,

0<E [vazl C¢ log C’l} < oo and E {Zfil CZ“] = 1. In addition, assume
a.) E [Zf\;l C’Z} <1land E [(Zfil C’i)a} < oo, ifa>1; or,
b.) E {(Zi\il Cia/(lﬁ))lﬂ} < oo for some 0 <e<1,if0<a<l.

Then,
P(R>t)~ Ht™ ¢, t — oo,

where H > 0 is given by

H = 5 ! / v“1<P(R>v)—E
E [Zi:l C¢ log Cl} 0

E [(vazl CiR; + Q)a - Z?Ll(ciRi)a}
ol [Zf;l C¢log Cl} .

N

Z ].(ClR > U)

i=1

)dv

REMARKS: (i) The nonhomogeneous equation has been previously studied for the special case when @ and
the {C;} are deterministic constants. In particular, Theorem 5 of [25] analyzes the solutions to (4.1) when
Q and the {C;} are nonnegative deterministic constants, which, when Zi\; C& =1, a > 0, implies that
C; < 1for all i and ), Clog C; < 0, falling outside of the scope of this paper. The solutions to (4.1) for
the case when @ and the C;’s are real valued deterministic constants were analyzed in [5]. For the very
recent work (published on arXiv after the first draft of this paper) that characterizes all the solutions to
(4.1) for Q and {C;} random see [4]. (ii) When « > 1, the condition F [(vazl CZ-) } < o0 is needed to
ensure that the tail of R is not dominated by N. In particular, if the {C;} are iid and independent of N,
the condition reduces to E[N®] < oo since E[C®] < oo is implied by the other conditions; see Theorems
4.2 and 5.4 in [20]. Furthermore, when 0 < a < 1 the condition E {(Zf\; C’i) } < oo is redundant since
« 1+e€
E [(Ef\il Ci) } <FE [Ef\;l Cf‘] = 1, and the additional condition E [(Zf\il Cf‘/(HE)) ] < 00 is needed.

When the {C;} are iid and independent of N, the latter condition reduces to E[N'*¢] < oo (given the other
assumptions), which is consistent with Theorem 4.2 in [20]. (iii) 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 4.9. When « > 1 is not an integer, we can derive an explicit upper bound on H by
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using Lemma 4.7. Regarding the lower bound, the elementary inequality (Zle zz) > Zle xf for a > 1
and x; > 0, yields

«

e EQ7)

~ aFE [Zi\; C¢ log CZ} -0

Similarly, for 0 < a < 1, using the corresponding inequality (Zle ,TZ) < Zle ¥ for0<a<1,z >0,
we obtain H < E [Q“]/(aE {vazl C¢log CZ} ) (iv) Let us also observe that the solution R, given by (4.6),

to equation (4.1) may be a constant (non power law) R =7 > 0 when P(r=Q +r Zf\il C;) = 1. However,
similarly as in remark (i), such a solution is excluded from the theorem since P(r = @ + rZﬁil C;) =1
implies E[)", Clog C;] < 0,a > 0.

Before proceeding with the proof of Theorem 4.6, we need the following two technical results; their proofs
are given in Section 7.3. Lemma 4.7 below will also be used in subsequent sections for other recursions. With
some abuse of notation, we will use throughout the paper max;<;,<n x; to denote SUPj<j< N1 Ti iDL case
N = 0.

Lemma 4.7. Suppose (N, C1,...,Cn) is a nonnegative random vector, with N € NU{oo} and let {R;}icn be
a sequence of tid nonnegative random variables independent of (N, C1,...,Cn) having the same distribution

as R. For a > 0, suppose that ZlNzl(C’iRi)a < o0 a.s. and E[R?] < oo for any 0 < B < «. Furthermore,
1+e€
assume that E [(Zil CZ-O‘/(HE)) ] < oo for some 0 < e < 1. Then,

0< / E
0
N a
Z(Q‘Ri)a - ( max CiRi)
1<i<N

i=1

Z 1(01R1 > t)

‘ 1<i<N
=1

-P < max C;R; > t)> e dt

FE < 0.

1
«@

Lemma 4.8. Let (Q,N,C1,...,Cx) be a nonnegative vector with N € NU{oo} and let {R;} be a sequence of
iid random variables, independent of (Q, N,C1,...,Cy). Suppose that for some a > 1 we have E[Q*] < oo,

E [(Zf\;l C’i)a] < 00, E[RP] < 00 for any 0 < B < «, and Zf\il CiR; < o0 a.s. Then

E

N *“ N
(Z CiR; + Q) - (CiRi)a < o0.

i=1 =1

Proof of Theorem 4.6. By Lemma 4.4 we know that E[R’] < oo for any 0 < 3 < a. To verify that
E [Zf;l CZ] < oo for some 0 < v < « note that if & > 1 we have, by the assumptions of the theorem

forany 1 <v < a.If0<a <1, then for v =a(l +¢/2)/(1 +¢€) < a we have

and Jensen’s inequality,

E <FE

te (14€/2)/(1+€)

N 1+e€/2 N 1
<FE <Z co/ (”E)) <|E <Z ce/ <1+6>> < 0.
=1 =1

E

N
2.¢
i=1
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The statement of the theorem with the first expression for H will follow from Theorem 3.2 once we prove
that condition (3.1) holds. To this end, define

N
= ZCiRi +Q.

i=1
Then,

P(R>t)— ’ (R>t)—P<mainRi>t)‘
1<i<N

N
ZICR > t)
=1

+

P < max C;R; > t)
1<i<N

N
i=1

Since R 2 R* > maxi<i<n CiR;, the first absolute value disappears. For the second one, note that

N
E

].(CZRZ > t)

1< <

—P(max C;R; >t>

i=

N
E|> 1CiR; >t] E[1<1r<nax CiR; >t)] 0.

i=1

Now it follows that

-P ( max C;R; > t) (4.10)

1<i<N

Note that the integral corresponding to (4.10) is finite by Lemma 4.7 if we show that the assumptions of
Lemma 4.7 are satisfied when a > 1. Note that in this case we can choose € > 0 such that a/(14¢) > 1 and
use the inequality

k k B
S uf < (Zx> (4.11)

for 8> 1, z; > 0, k < oo to obtain

N 1+4+€ N «
et | <e| (sl
<i=1 i=1
Therefore, it only remains to show that
oo
/ (P(R >t)— P ( max C;R; > t)) t* 1 dt < o0. (4.12)
0 1<i<N

To see this, note that R 2 R* and 1(R* > t) — I(maxi<;<ny C;R; > t) > 0, and thus, by Fubini’s theorem,

we have
e a—1 1 *\ o “
P(R>t)—P max CiR; >t |t* " dt=—FE |(R")*— | max C;R; .
0 1<i< a 1<i<N
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If 0 < a <1, we apply (4.11) to obtain

)

N a
Q*+ > (CiR:) —<1ISH%>§VQR¢‘>

i=1

FE |:(R*)a — ( max CiRi> :| S E
1<i<N
which is finite by Lemma 4.7 and the assumption F[Q%] < occ.

[0
If @ > 1, we have (Zle xi) > Zle x¥, x; > 0, k < oo, implying that we can split the expectation as
follows

=Y (CiRy)

i=1
Z(Cle)a — < max OZR1>
‘ 1<i<N

which can be done since both expressions inside the expectations on the right-hand side are nonnegative.
The first expectation is finite by Lemma 4.8 and the second expectation is again finite by Lemma 4.7.

)

Finally, applying Theorem 3.2 gives
P(R>t)~ Ht™ %,

where H = (E [Zjvzl C¢ log CjD J v ( (R>v)—F [Zjvzl 1(CjR > U)D dv.

To obtain the second expression for H note that

oo N
/ v* [ P(R>v) — ZIC’R>1}) dv
0 =

= / v IR
0

N N
1<ZO¢R,-+Q>U> > UCiR; >fu]dv
=1 =1

o) N N
=F / vt <1 (ZCZ-RZ-+Q>U> > L(CiR; >v>dv] (4.13)
0 i=1 i=1
>V CiRi+Q N (CiR;
=F / v o — Z/ v‘)‘_ldvl (4.14)
0 =170

(Z CiR; + Q) - (CiRy)"

i=1 i=1

where (4.13) is justified by Fubini’s Theorem and the integrability of

N

N
-1 (ZCiRi +Q > u> =) 1(CiR; > v)

i=1

N
<*” <1<ZCR+Q>1)>1<H1£2XCR >v>>
i=1

N
<Zl (CiR; > v —1(max C’iRi>v)>7
<N

i=1
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which is a consequence of (4.12) and Lemma 4.7; and (4.14) follows from the observation that

N N
v (Z CiR; +Q > v> and vl Z 1(C;R; > )
i=1

i=1
are each almost surely absolutely integrable with respect to v as well.

This completes the proof. O]

As indicated earlier, when « > 1 is an integer, we can obtain the following explicit expression for H.

Corollary 4.9. For integer a > 1, and under the same assumptions of Theorem 4.6, the constant H can be
explicitly computed as a function of E[R], E[C*], E[Q¥], 0 < k < a — 1. In particular, for a =1,

EQ]

H = .
E [Zil C;log C’i]

and for a = 2,

E[Q*) +2B[RIE [Q L, G| +2(BIR)?E [, )., €.
2E {Zfil C?log CZ}

9

ElQ]

i 1-F [Zil CZ} |

Proof. The proof follows directly from multinomial expansions of the second expression for H in Theorem 4.6.
O

4.3. The homogeneous recursion

In this section we briefly describe how the methodology developed in the previous sections can be applied

to study the critical, £ {sz\; Ci] = 1, homogeneous linear recursion

N
R2Y"CiR;, (4.15)

i=1
where (N, Cq,...,Cn) is a nonnegative random vector with N € NU {oo} and {R;}ien is a sequence of iid
random variables independent of (N, CY,...,Cy) having the same distribution as R. This equation has been

studied extensively in the literature under various different assumptions; for recent results see [23, 18, 2] and
the references therein.

Based on the model from Section 4 we can construct a solution to (4.15) as follows. Consider the process
{Wh}n>0 defined by (4.2) with @Q; = 1. Then, the {W,,} satisfy in distribution the homogeneous recursion

in (4.5) and, given that E {Zi\; C’,} =1, we have E[W,,] = 1. Hence, {W),,},,>0 is a nonnegative martingale
and by the martingale convergence theorem W,, — R a.s. with F[R] < 1. Next, provided that

N N N
Z C;log C; (Z Ci) log™ (Z Ci)
i=1 i=1 i—1

it can be shown that E[R] = 1, see Theorem 1.1(d) in [2] (see also Theorem 2 in [23]); log™ z = max(log z, 0).
Furthermore, as argued in equation (1.9) of [2], it can easily be shown that this R is a solution to (4.15). Note

FE <0 and F < 00
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that the same construction of the solution R on a branching tree was given in [2] and [23]. Since the solutions
to (4.15) are scale invariant, this construction also shows that for any m > 0 there is a solution R with mean
m; or equivalently, it is enough to study the solutions with mean 1. Moreover, under additional assumptions
it can be shown that this constructed R is the only solution with mean 1, e.g. see [22, 23, 18]. However, it
is not the objective of this section to study the uniqueness of this solution, rather we focus on studying the
tail behavior of any such possible solution (since our Theorem 3.2 does not require the uniqueness of R). As

a side note, we point out that (4.15) can have solutions if E |:ZiV=1 C’ﬂ =1 for some 0 < 3 < 1, as studied
in [22, 18].

A version of the following theorem, with a possibly less explicit constant, was previously proved in The-
orem 2.2 in [23] and Proposition 7 in [18]; they also study the lattice case. Regarding the lattice case, as
pointed out earlier in the remark after Theorem 3.2, all the results in this paper can be developed for this
case as well by using the corresponding renewal theorem.

Theorem 4.10. Suppose that there exists j > 1 with P(N > j,C; > 0) > 0 such that the measure
P(logC; € du,C; > 0, N > j) is nonarithmetic. Suppose further that for somea > 1, E [(Zf\;l C’i) ] < 00,

E [Zi\il C&log™ C’l} < oo and E {21111 C’l} =F {ZZ]\; C’f‘] = 1. Then, equation (4.15) has a solution R
with 0 < E[R] < oo such that
P(R>t)~ Ht™ ¢, t — o0,

where H > 0 is given by

1 oo
H= / vt (P(R >v)—F
E [Zfil C¢log CZ} 0

B[(TX, 0r:)" ~ S, (iR
ak {Zi\;l Ci*log Cl} |

1(CiR > U)

N
=1

(2

)dv

Furthermore, if P(N >2)>0, N = Zfil L(¢;>0), then H > 0.

Proof. By the assumptions, the function ¢(#) £ E [Zil C’ﬂ is convex, finite, and continuous on [1, ],

since p(1) = () = 1. Furthermore, by standard arguments, it can be shown that both ¢'(6) and ¢"(9)
exist on the open interval (1,a) and, in particular,

N
> Cl(log C;)?

i=1

¢'0)=F

Clearly, ©"(0) > 0 provided that P(C; € {0,1},1 < i < N) < 1. To see that this is indeed the case, note
that F [Zil C’z} = 1 implies that P(C; = 0,1 < ¢ < N) < 1, which combined with the nonarithmetic

assumption yields P(C; € {0,1},1 < i < N) < 1. Hence, there exists 1 < 6; < 62 < a such that ¢'(0;) <0
and ¢’(63) > 0, implying by the monotonicity of ¢'(-) and monotone convergence that

N N
0<¢(a=)=E|) ClogC;| <E > Cflog* ci] <oo  and (4.16)
i=1 i=1
N
¢'(1+)=E | Y CilogC;| <0.
=1
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The last expression and the observation F [(Zf\; Ci) log™ (vazl C’,-)} < oo (implied by E [(Zivzl C’,-) a} <

o0) yields, as argued at the beginning of this section, that recursion (4.15) has a solution with finite positive
mean, see Theorem 1.1(d) and equation (1.9) in [2] (see also Theorem 2 in [23]).

Next, in order to apply Theorem 3.2, we use (4.16) and E[R®] < oo for any 0 < 8 < a; the latter follows
from Theorem 3.1 in [2] and the strict convexity of ¢(-) argued above (see also, Proposition 4 in [18] and
Theorem 2.1 in [23]). The rest of the proof, except for the H > 0 part, proceeds exactly as that of Theorem 4.6
by setting @ = 0.

Regarding the H > 0 statement, the assumption P(N > 2) > 0 implies that there exist 1 < n < oo and
1 <1 <iyg <n+1such that P(N =n,C;, > 0,C;, > 0) > 0, which further yields, for some ¢ > 0,
P(N > iQ,Oil >4, Ciz > (5) > 0. (417)

Next, by using the inequality (z1 + x2)" > ¢ + 2§ for x1, 22 > 0 and « > 1, the second expressions for H
in the theorem can be bounded from below by

E[L(N >ig) ((Ciy Riy + Ci, Riy)” — (Ciy Riy )™ — (Ciz Ri)*)]

H >
aFE [Zi\; C&log C;

(4.18)

To further bound the numerator in (4.18) we define the function
f@)y=014+z)—-1—2%—cx“™¢,

where 0 <e<a—1,0<c¢<2”—1and vy =a—1—ce. It can be shown that f(x) > 0 for = € [0, 1], since
f(0) =0and f'(z) > az"((1+1/z)Y —1—¢) > 0 on [0,1]. Hence, by using the inequality f(z) > 0
derive for z1 > 0,29 > 0, max{zy, 22} > 0 and z = min{xy, x5} /max{z, 2}
(1 + x2)® — 2f — 2§ = (max{z1,z2})* (1 + 2)* — 1 — %)
> c(max{zy, z2})“2* "¢ > c(min{x1, z2});

the inequality clearly holds even if max{xz1, 22} = 0 since both of its sides are zero. Thus, by applying this
last inequality to (4.18) and using (4.17), we obtain

cE[1(N >i3) (min{C;, R;,,Ci, Riy })]
aFE [Zf\;l C¢log CZ}
cd“P(N > i3,C;, > 0,C;, > 0)E[(min{R;,, R, })”]
aF [Zf\;l C¢ log CZ}

H >

> 0.

This completes the proof. O

REMARKS: (i) Note that the assumptions of Theorem 4.10 differ slightly from those of Theorem 4.6 in the
condition 0 < E {sz\il Clog C’Z} < 00, which is implied by E {ZZ\; C&log™ C’i] < 00, the strict convexity
of p(6) =F [vazl Cf} and the hypothesis that ¢(1) = ¢(a) = 1, as argued in the preceding proof. (ii) The
assumption P(N > 2) > 0 is the minimal one to ensure the existence of a nontrivial solution, see conditions
(HO) in [22] and (C4) in [2]. Otherwise, when P(N < 1) = 1, W, is a simple multiplicative random walk
with no branching; clearly, in this case our expression for H reduces to zero. Also, if P(Zij\;l C;i=1)=1R
can only be a constant; see the remark above Theorem 2.1 in [23]. However, this last case is excluded from
the theorem since P(Zi’il C; = 1) = 1 implies C; < 1 a.s., which, in conjunction with ¢(a) = 1, > 1,
yields P(C; € {0,1},1 < i < N) = 1, but this cannot happen due to the nonarithmetic assumption.
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(iii) Note also that condition (C3) in [2] (equivalent to P(C; € {0,1},1 < i < N) < 1 in our notation)
is implied by the nonarithmetic assumption of our theorem. Interestingly enough, if this last condition
fails, Lemma 1.1 of [22] shows that equation (4.15) has no nontrivial solutions. (iv) As stated earlier, a
version of this theorem was proved in Theorem 2.2 of [23], by transforming recursion (4.15) into a first
order difference (autoregressive/perpetuity) equation on a different probability space, see Lemma 4.1 in
[23]. However, it appears that the method from [23] does not extend to the nonhomogeneous and non-linear
problems that we cover here, since the proof of Lemma 4.1 in [23] critically depends on having both E[R] =1

and E [Zi\;l Ci] =1
Similarly as in Corollary 4.9, the constant H can be computed explicitly for integer o > 2.
Corollary 4.11. For integer a > 2, and under the same assumptions of Theorem 4.10, the constant H can
be explicitly computed as a function of E[RF], E[C*], 1 <k < a — 1. In particular, for a = 2,
E [Zf\;1 Z;'V:H—l Cic]}
-~ B[RY ctega|

Proof. The proof follows directly from multinomial expansions of the second expression for H in Theo-

rem 4.10. O
We also want to point out that for non-integer general o > 1 we can use Lemma 4.1 to obtain the following
bound for H,
(B [Rp—l])a/(p—l) E [(Zf\; C’L)O‘}
H< ~ ,
aF {21:1 C¢ log CZ}
where p = [a].

5. The maximum recursion: R = (\/i\;l CiRi> vV Q

In order to show the general applicability of the implicit renewal theorem, we study in this section the

following non-linear recursion:
N
RZ2 (\/ CiRl) VaQ, (5.1)
i=1

where (Q, N, C1,...,Cx) is a nonnegative random vector with N € NU {oo}, P(Q > 0) > 0 and {R;}ien
is a sequence of iid random variables independent of (Q, N, C4,...,Cy) having the same distribution as R.
Note that in the case of page ranking applications, where the {R;} represent the ranks of the neighboring
pages, the potential ranking algorithm defined by the preceding recursion, determines the rank of a page as
a weighted version of the most highly ranked neighboring page. In other words, the highest ranked reference
has the dominant impact. Similarly to the homogeneous linear case, this recursion was previously studied
in [6] under the assumption that @ =0, N = oo, and the {C;} are real valued deterministic constants. The
more closely related case of @ = 0 and {C;} > 0 being random was studied earlier in [19]. Furthermore,
these max-type stochastic recursions appear in a wide variety of applications, ranging from the average case
analysis of algorithms to statistical physics; see [1] for a recent survey.

Using standard arguments, we start by constructing a solution to (5.1) on a tree and then we show that this
solution is finite a.s. and unique under iterations and some moment conditions, similar to what was done for
the nonhomogeneous linear recursion in Section 4. Our main result of this section is stated in Theorem 5.3.
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Following the same notation as in Section 4, define the process

Vo=\/ QIL, n>0, (5.2)

icA,

on the weighted branching tree 7 ¢, as constructed in Section 2. Recall that the convention is that
(Q,N,C1,...,CNn) = (Qp, Ny, Cp,1), - --,C0,n,)) denotes the random vector corresponding to the root node.

With a possible abuse of notation relative to Section 4, define the process {R(")}nzo according to
n
R™ = \/ W, n > 0.
k=0

Just as with the linear recursion from Section 4, it is not hard to see that R(™ satisfies the recursion

N@ N
R™ = [\ CopR" V| vae={\ RV | v, (5.3)
j=1 j=1

where {Ré—n*l)} are independent copies of R(™~1 corresponding to the tree starting with individual j in the
first generation and ending on the nth generation. One can also verify that

Ny n N
Vo= \/ Co,r \/ Q(k,....in) H Cik,...i;) 2 \/ CrVin—1),ks
k=1 =2 k=1

where {V(,,_1) 1} is a sequence of iid random variables independent of (N, C1,...,Cy) and having the same
distribution as V,,_1.
We now define the random variable R according to

R% lim R™ = \/ V;. (5.4)

n— oo
k=0

Note that R("™ is monotone increasing sample-pathwise, so R is well defined. Also, by monotonicity of R("™),
(5.3) and monotone convergence, we obtain that R solves

N@ N
R=\ ConB™ |vaQy= |\ oR™ | va,
j=1

Jj=1

where {R;fx’)}jeN are iid copies of R, independent of (Q,N,Cq,...,Cy). Clearly this implies that R, as
defined by (5.4), is a solution in distribution to (5.1). However, this solution might be oco. Now, we establish
the finiteness of moments of R, and in particular that R < oo a.s., in the following lemma; its proof uses
standard contraction arguments but is included for completeness.

Lemma 5.1. Assume that pg = E {Zf\;1 C’ﬂ <1 and E[Q®] < oo for some 3 > 0. Then, E[R"] < co for

L
all0 < v < B3, and in particular, R < oo a.s. Moreover, if 3 > 1, R(™ £ R, where L stands for convergence
in (E| - "8 norm.

Proof. By following the same steps leading to (3.7), we obtain that for any k& > 0,

> o

icAy

EV]=E [ Vol | <E = E[Q)0}. (5.5)

i€ Ay
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Hence,
E[Q"]
L—pps

ER°|=E <E < < o0,

AG
k=0

implying that E[RY] < oo for all 0 < v < S.

k=0

That R™ 28 R whenever 3 > 1 follows from noting that F[|[R™ ~R|%] < E [(\/ZOZTH_1 Vk)ﬂ} <F [Z;’;RH Vkﬁ]
and applying the preceding geometric bound for E [Vkﬁ ]. O

Just as with the linear recursion from Section 4, we can define the process { R’} as
R 2RV VV(RY, n>1,

where
Va(R5) = \/ R, (5.6)
icA,
and {Ra,i}ieU are iid copies of an initial value Rfj, independent of the entire weighted tree 7g c. It follows
from (5.3) and (5.6) that

N n N
=V BV S R T Chin | @ =\ CiRL, v Q,
j=1 k=2

i€A, j=1

where {R;”_l)} are independent copies of R(~1) corresponding to the tree starting with individual j in the
first generation and ending on the nth generation, and A, ; is the set of all nodes in the (n+ 1)th generation
that are descendants of individual j in the first generation. Moreover, {R;,j} are iid copies of R}, and thus,
R} is equal in distribution to the process obtained by iterating (5.1) with an initial condition Rf. This
process can be shown to converge in distribution to R for any initial condition R{ satisfying the following
moment condition.

Lemma 5.2. For any R} > 0, if E[QP], E[(R)P] < 0o and pg < 1 for some 3 > 0, then
R, = R,

with E[RP] < co. Furthermore, under these assumptions, the distribution of R is the unique solution with
finite B-moment to recursion (4.1).

Proof. The result will follow from Slutsky’s Theorem (see Theorem 25.4, p. 332 in [10]) once we show that
V. (R§) = 0. To this end, recall that V,,(Rf) is the same as V,, if we substitute the @; by the R ;. Then, for
every € > 0 we have that

P(Va(Rg) > €) < € PE[Va(R5)"]
POREIR:)?]  (by (5.5).
Since by assumption the right-hand side converges to zero as n — oo, then R} = R. Furthermore, F[R?] < oo

by Lemma 5.1. Clearly, under the assumptions, the distribution of R represents the unique solution to (5.1),
since any other possible solution with finite S-moment would have to converge to the same limit. O

Now we are ready to state the main result of this section.

Theorem 5.3. Let (Q,N,Cy,...,Cn) be a nonnegative random vector, with N € NU {oo}, P(Q > 0) > 0
and R be the solution to (5.1) given by (5.4). Suppose that there exists j > 1 with P(N > j,C; > 0) > 0 such
that the measure P(logC; € du,C; > 0, N > j) is nonarithmetic, and that for some o > 0, E[Q%] < oo,

O<FE [vazl C¢ log Ci} < oo and B {Zf;l C’f‘] = 1. In addition, assume
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N @ .
a.) E [(Zi:l C’i) } < 00, if a > 1; or,
1+4+€
b.)E{(EﬁvlCia/(He)) }<ooforsom60<e<1, if0<a<l.

Then,
P(R>t)~ Ht™ ¢, t — oo,

where H > 0 is given by

1 oo
H= / vt (P(R >v)—F
E [Zfil C¢log CZ} 0

_F [(Vf\il CiR")a % Eil(CiRi)a}
! wp[s¥ crgc]

1(CiR > U)

i=1

)dv

Proof. By Lemma 5.1 we know that E[R®] < oo for any 0 < 8 < a. The same arguments used in the proof
of Theorem 4.6 give that E {Zf;l C’]} < oo for some 0 < v < a. The statement of the theorem with the
first expression for H will follow from Theorem 3.2 once we prove that condition (3.1) holds. Define

N
R = (\/ C’iRZ) vQ.
i=1

Then,

P(R>t)—E | 1(CiR; > t)

i=1

< ’P(R>t)—P<H1_aX OiRi>t)‘
1<i<N

+ P<max C1R2>t>—E

1<i<N

N

i=1

Since R 2 R* > maxi<;<n C;R;, the first absolute value disappears. The integral corresponding to the second
term is finite by Lemma 4.7, just as in the proof of Theorem 4.6. To see that the integral corresponding to

the first term,
/ (P(R > t) - P < max CiR; > t)) tail dt,
0 1<i<N

is finite we proceed as in the proof of Theorem 4.6. First we use Fubini’s Theorem to obtain that

/ (P(R >t)—P < max C;R; > t>> t*~ldt
0 1<i<N
= lE [(R*)O‘ - ( max C’iRZ) ]

a 1<i<N
N @ N @
1 a
=1 =1
_ Fie)
(0%

Now, applying Theorem 3.2 gives
P(R>1t)~ Ht ¢,
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where H = (E [zﬁ;l C2 log c]})*1 0yl (P(R >o)— E [z;il 1(C;R > U)D dv.

The same steps used in the proof of Theorem 4.6 give the second expression for H. O

6. Other recursions and concluding remarks

As an illustration of the generality of the methodology presented in this paper, we mention in this section
other recursions that fall within its scope. One example that is closely related to the recursions from Sections 4

and 5 is the following
N
RE <\/ CiRi> +Q, (6.1)

i=1
where (Q,N,C1,...,Cn) is a nonnegative vector with N € NU {oo}, P(Q > 0) > 0, and {R;};cn is a
sequence of iid random variables independent of (Q, N,C1,...,Cx) having the same distribution as R. Its
analysis follows very closely the steps used for the linear and maximum recursions, and, in particular, the

random variable defined by
R = lim R™,

n—oo

is a solution to (6.1), where
n
R =YW,
k=0

and the {V4} are given by (5.2) . The moments of R as well as its uniqueness under iterations property
can easily be established using the same approach described in the previous sections. Recursion (6.1) was
termed “discounted tree sums” in [1]; for additional details on the existence and uniqueness of its solution
see Section 4.4 in [1].

Similarly as in [15], it appears that one could study other non-linear recursions on trees using implicit renewal
theory. For example, one could analyze the solution to the equation

RZ EN: (CiRi + Bz\/E) +Q,
i=1

where (Q, N, C1,...,Cy) is a nonnegative vector with N € NU {oo}, P(Q > 0) > 0, and {R, R;}i>1 is a
sequence of iid random variables independent of (Q, N,C1,...,Cy). Here, the primary difficulty would be
in establishing the existence and uniqueness of the solution as well as the finiteness of moments.

7. Proofs
7.1. Implicit renewal theorem on trees

We give in this section the proofs to Lemmas 3.1 and 3.3.

Proof of Lemma 3.1. Observe that the measure E {vazl 1(log C; € du,C; > O)} is nonarithmetic (nonlat-
tice) by our assumption since, if we assume to the contrary that it is lattice on a lattice set L, then on the
complement L€ of this set we have

N
0=E | 1(logC; € L*,C; > 0)

i=1

> P(logC; € L°,C; > 0,N > j) >0,
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which is a contradiction. Hence, 7 is nonarithmetic as well, and it places no mass at —oo due to the exponential
term e®*. To see that it is a probability measure note that

o 00 N
/ n(du) = / e““E Z 1(log C; € du)
oo =

N rco
=F Z/ e 1(log C; € du) (by Fubini’s Theorem)
[~
=E|) Cf| =1
j=1

Similarly, its mean is given by

0o N
/ un(du) = E Z Cj log C;
j=1

o0

To show that wu, = n* we proceed by induction. Let F, denote the o-algebra generated by
{(Ni7C’(i)1)7...,C’(i7Ni)) i€ d;,0<i<n— 1}7 Fo = o(0,9), and for each i € A,, set V; = logIl;. Hence,
using this notation we derive

t

.
un+1((—oo,t}):/ B | S S 1V +log O € du)

- icA, j=1

t i N
:/ B | SB[ SOU(Vi +log Oy € du)| F,
- [i€A, Jj=1
t N
=E|> eo‘Vi/ " WE 1Y " 1(log Cpi j) € du—WVi)| Fy
i€A, e j=1
=E Y ei((—o0,t - Vi)
icA,
— [ (o0t = vhpn(ae),

where in the fourth equality we used the independence of (Nj, C(; 1), . . ., C4,ny)) from F,,. Therefore pu,, 11 (dt) =
(1 * 1, )(dt) and the induction hypothesis gives the result. O

Proof of Lemma 3.3. This lemma is a special case of the Monotone Density Theorem, see Theorem 1.7.5
(also Exercise 1.11.14) in [11]. However, for completeness, we give a direct proof here, similar to the one of
Lemma 9.3 in [15]. By assumption, for any b > 1, € € (0,1), and ¢ sufficiently large,

(o b B
P(R > t)ttF. boji_ﬂl > /t " BP(R > v) du > (Hﬂe)(bt)ﬁ ~ (ng)tﬂ
> t; (HP —1) - e(1+b7)).

Since € was arbitrary, we can take the limit as ¢ — 0 and obtain

H(a+ )7 —1)
Betr—1) "

litmian(R > t* > b|1.
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Similarly, one can prove that limsup,_,., P(R > t)t* < H starting from fbtt v¥PIP(R > v)dv with
0<b< 1 O

7.2. Moments of W,,

In this section we prove Lemmas 4.1, 4.2 and 4.3. We also include a result that provides bounds for E[WZ]
for integer p, which will be used in the proof of Lemma 4.3.

Proof of Lemma 4.1. Let p = [#] € {2,3,...} and v = 8/p € (8/(8 + 1), 1]. Suppose first that k € N and
define A,(k) = {(j1,---,jx) € N¥ : j1 + -+ jx = p,0 < j; < p}. Then, for any sequence of nonnegative
numbers {y; };>1 we have

(5) - ()"

5 v
P p 1 e
(Z ! Z Jise--5 0k ! k

=1 (J1,--50k)€Ap (K)

~

p i
<> U+ ) (jl,...,jk)yil'”yik ’ =

=1 (415--2dk) EAp (k)

.
where for the last step we used the well known inequality (Zle xz) < Zle z] for 0 <y <1andaz; >0.

We now use the conditional Jensen’s inequality to obtain

k Bk
E (Zam) - (GYy)°

=1 =1

r Y
<E > (0 ey (by (7))

L \Grdneapey Vo Jk

r Y
<E||lE 3 ( P ,)(clyl)jl---(ckyk)jk Ci,...,Cy

i (Jl ..... ]k)eAp(k) J1, 5 Jk

r Y
—F 3 ( b _>C{l-.-c,§kE[Y{1...Y,gk Cr.r G

Grodn)€Ap (k) L7 Tk

Since {Y;} is a sequence of iid random variables having the same distribution as Y, independent of the C;’s

we have that ‘ .
E [Yfl Y

Cryees Co] = B[Y{ Y| = VIV

Ik’

where ||Y||, = (E[|Y|“])1/” for K > 1 and ||[Y]||op £ 1. Since ||Y]|, is increasing for k > 1 it follows that
Y1175 < [[Y]]- . Hence

WY1 Y1 < Y

e — p—1
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which in turn implies that

& Y

& B

P e

p|(Sem) | e[ X ()P Jerearm
i=1 i=1 (J1rndn)EAR(R) 777077

k p k v
= |[Y|}_,E <<Z a-) - Zc,-P)
i=1 i=1

k B8
<|IVIP_,E (Z ci)

i=1

This completes the proof for k finite.

When k = oo, first note that from the well known inequality (x1 + xz)ﬁ > xf + xg for z1,79 > 0and 5 > 1
we obtain the monotonicity in k of the following difference

k41 B k41 k fk
(Z cm) -y ()P > (Z cm) =Y (Cyi)? >o0.

i=1 i=1 i=1
Hence,
o0 /6 o0
E (Z cm) -y (G
i=1 i=1
i k bk
— T v.| — AL
= lim B (Z; OY) ;(CZY» (7.2)
- -
< lim E > ( P )(C1Y1)j1 e (CrYR)
k—o0 . ‘ Iy Jk
L \U1,--5k)€EAp(K) ]
- A7
— lim E Z ( . p . )(ClYI)j1 . (CkYk)jk
k—oo ) ‘ J1y---5Jk
(J1,-:3k) EAp (k) J
k B
. 8 -
< klgr;o 1Yll,_1 E <§_; CZ) (by Fubini’s theorem)
o 8
=|IY||)_,E (Z Cz-> : (7.3)
i=1
where (7.2) and (7.3) are justified by monotone convergence. O

B
Proof of Lemma 4.2. We use the well known inequality (Zle yl) < Zle yf for 0 < 8 <1,y >0,
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k < 0o, to obtain

i=1

=F [W{?A] Pg (by conditioning on N, C; and Fubini’s theorem)

< ng[Woﬁ] (iterating n times)

= pRE[Q"). (7.4)
O

Before proving the moment inequality for general > 1, we will show first the corresponding result for
integer moments.

Lemma 7.1. Let p € {2,3,...} and recall that p, = E [Zf\il Cf’], p = p1. Suppose E[QP] < oo,
P
E [(Zf\;l C’i) } < 00, and pV p, < 1. Then, there exists a constant K, > 0 such that
EWPI < Ky (pV Pp)n
for alln > 0.

Proof. We will give an induction proof in p. For p = 2 we have

. )
EW?=E (Z CiW(n—l),i>
i=1

N
=E | CWE 4y, + Y CiWio1),iCiWin-1),;

i=1 i#j

N
>
1=1

= EW2_,]E +(EWa)’ B | 360,
i#]

(by conditioning on N, C; and Fubini’s theorem)

< pBW ]+ E (ZQ) (E[W,1])>.

Using the preceding recursion and noting that,
E[W,_1] = 5"~ E[Q],

we obtain
EW2] < po E[Wy_ ]+ Kp*" ™Y, (7.5)
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N 2 2 : . .
where K = F (Zi:l Ci) (E[Q])”. Now, iterating (7.5) gives

E[W 1 < p2 (sz[Wn o] + Kp 2(n— )) _|_Kp2(n71)
n—2
< i (EWS + K) + K S ph o210
=0
n—1 ) -
= PR E[Q?] +sz22 p2n=1=1)

=0

i
L

< (p2 V)" EIQ°]+ K(p2V p)" Y (p2Vp)" 7"

=0
(oo}
< | ElQ (p2V p)"
0
= Ka(p2V p)",
which completes the case p = 2.
Suppose now that there exists a constant K,_; > 0 such that
EWE < Kpo1 (pp—1 V p)" (7.6)
for all n > 0. Then, by Lemmas 4.1 and 4.2, we have
N p N N
. , DYYP PYI/P
(20114/("_1),1) E;C Wh_ | +E 20 W, ]

N
E|> CrwWe,_y, ]

i=1

< (e )"" e [(ZNj cZ)p
= (B [wr] )p/(p [(Z c; )

<[ (Ee)

where in the second equality we conditioned on N, C; and used Fubini’s theorem, and the last inequality
corresponds to the induction hypothesis. We then obtain the recursion

+ppE W]

WP/ =D (p, v p)nm VP =D BIWP ],

(n—1p

EWR] < pp EIW, ]+ K(ppa V p) 71, (7.7)
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where K = E [(Zf\; C’i>p] (K,—1)P/®P=1)_ Tterating (7.7) as for the case p = 2 gives

14 n D — i ("*17*1')1)
EWE < pyEQY]+ K Y pjy(pp-1V p) 7
=0
° (n—1)p—i
<(ppVO)"EIQP I+ K Y (ppVp) 7t (7.8)
=0
n—1 .
= (pp\/p)"E[Qp] +K(pp\/p )" 12 pp\/p Pl
=0
oo
< | E@Q7T+ Ko, v )Y (00 v )7 | (0 V )"
7=0

= Ky(pp V)",
where in (7.8) we used the convexity of p(3) = pg, i.e. pp—1 = (P —1) < (1) V p(p) =pV pp.

The proof for the general S-moment, 5 > 1, is given below.

Proof of Lemma 4.3. Set p =[] > 8 > 1. Then, by Lemmas 4.1 and 4.2,
N
(Z O¢W(n_1)7i> Z OB (n 1), + F
i=1
N
B
> CIWiaiw, 1

i=1

N
chwa_n,i]

=1

<(e[w)"" e (i CZ->B: +E

=1

= (r [Wﬁ:ﬂ)g/(p_l)E (f: ci>ﬁ: +psB Wi ],

i=1

By Lemma 7.1,
B
E[W}[] < ps E[W,, (ZC) (Kp_1)P/ @~V (p,_1 V p)=DB/(=D)

= pgE[W) 1]+ K(pp—1 V p)" ",

where v = 3/(p — 1) > 1. Finally, iterating the preceding bound n — 1 times gives

n—1
E[Wﬁ] < pﬁE[Wo +szﬁ pV pp—1)” y(n—1—1)
=0
< EWSpVps)" + K Z(p V pg) (L (by convexity of p(3) = pg)
i=0
n—1 ‘
=E[Q%(pV pp)" + K(pV ps)" ' D (pVps) 7V
i=0

< Kp(pVpp)"™

This completes the proof.
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7.3. Linear nonhomogeneous recursion

In this section we give the proofs of the technical Lemmas 4.7 and 4.8 for the linear recursion.

Proof of Lemma 4.7. Note that the integral is positive since

1<i<

P(max CiR; >t) E[l(max C’iRi>t>} <F
1<i<N

N
Z 1 (C’lffZ > t)] .

i=1

To see that the integral is equal to the expectation involving the a-moments note that

<E —P(max C;R; >t)>ta_1dt
0 1<i<

N
Z; 1(CzRZ > t) -1 <1glzég§v C;R; > t)] =1 qt

/ <Z H(CiR; >1t)—1 ( max C;R; > t)) ot dt] (by Fubini’s theorem)
o 1<i<N

S—

N
Z 1(CZ'RZ‘ > t)
=1

i=1

1 o 1 “
Y —(CiR)* — — ( max CiR;
e a \1<i<N

)

where the last equality is justified by the assumption that ZzN:l(C’iRi)a < 00 a.s.

It now remains to show that the integral (expectation) is finite. To do this let X = (N, C,...,Cy). Similar
arguments to those used above give

/( ;CR>1£

0 N
:/ Z 1(CiR; >t)—1(maxCR >t>
0 =1

s

where in the last step we used Fubini’s theorem. Furthermore,

P(max C;R; >t>> el dt
1<i<

XH et dt
X] et dt] ;

=F

N
Z 1(C;R; >t)—1(maXCiRi>t>
~ 1<i<N

:

:E{l(max CiR; <t>’X}—1+ZE (CiR; > t)|X].

1<i<N

N
Z l(CiRi > t) -1 ( max C;R; > t)
— 1<i<N

Note that given X, the random variables C; R; are independent (since the R’s are), so if we let F((t) = P(R >
t), then

N N
E[l(lggc,-mq)‘x] :[[lEu(ciRiq =[[ @ -F/cy)

i=1



P.R. Jelenkovié and M. Olvera-Cravioto/Implicit Renewal Theory on Trees 31

We now use the inequality 1 —x < e™* for x > 0 to obtain

N N —
[ (- Ft/c) < e ST,

i=1
Next, let § = ae/(1 + ¢€) and set § = o — 0. By Markov’s inequality,

N N N
Y F(t/C) <Y E(CGR) |Gt =t PE[R?]Y Y.

i=1 i=1 i=1
Now, define the function g(x) = e™* — 1 4+ 2 and note that g(x) is increasing for « > 0. Therefore,

g (iF(t/Ci)> <y (t—ﬁE[Rﬁ] ﬁ:oﬁ) :

i=1

This observation combined with the previous derivations gives
N
Z 1(CiRi > t) -1 (12(1135%\/ C;R; > t)

/ E
0 i=1

< / (e—rsﬁ’ﬁ -1+ rsﬁt—ﬁ) t*Lde,
0

X] e dt

where Sg = Zf\il C? and r = E[RP] < co. Hence, using the change of variables u = rSzt =7 gives

o0 o0
/ (e‘rsﬁfﬁ -1+ rSf;t_ﬁ) ol dt = (rSg)O‘/ﬁ/ (e_" -1+ u) w81 qu.
0 0

Our choice of § = a— § guarantees that 1 < a/3 = 14 € < 2. To see that the (non-random) integral is finite
note that e™® — 1+ 2 < 22/2 and e=* — 1 < 0 for any > 0, implying

e’} 1 1 [e%s)
/ (e_“ —1+u) u /81 du < 5/ ul_"/ﬁdu—i—/ w8 dquy
0 0 1

S
22-a/f)  a/f-1

£ K < .

Now, it follows that

N
1(07;Ri > t)

/ <E —P(maXCR >t>>t"‘_1dt
0 — 1<i<

N a/B
<E [K(rsﬁ)a/ﬁ} = Kr*/PE (z Cf)
=1

The last expectation is finite by assumption («/8 = 1+ ¢€), which completes the proof. O

Proof of Lemma 4.8. Let S = Zf\il CiR; < © a.s., p = [«] and note that 1 < p — 1 < «. Then, since
(S+Q)*—S5*>0and S*— Zijil(CiRi)a > 0, we can break the expectation as follows

N « N
(5+Q)* =S (C; <ZC’R> — > (CiRy)”

(Se)

=FE[(S+Q)*-S*+FE

E[(S+Q) - S + (E[rRr—)*" Y E
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where the inequality is justified by Lemma 4.1. The second expectation is finite since by assumption E[R”] <
oo for any 0 < 8 < «. For the first expectation we use the inequality

(m+t)“<{

x4+t
2 + k(z + )1,

0<k<,
K>1,

for any x,t > 0. We apply the second inequality p — 1 times and then the first one to obtain

p—2

(x+t)* <24 alz+t)* <. <a*+ Z T AENeY ey VR A L

Hence, it follows that

i=1

p—1

< z% 4 aPt* 4+ P Zxaﬂ'ti.

i=1

E[(S+ Q)" — 5°] < a?E[Q%] + o i E[S“Q1]. (7.9)

i=1

To see that each of the expectations involving a product of S and @ is finite let X = (Q, N,C4,...,Cy) and

note that for i = p — 1,
E[S("_pHQp_l]

N
=FE|E QP—1/(a=p+1) Z CjR;

j=1

N
<EI||E Q(p—l)/(a—p+1)ZCjRj X

Jj=1

N
= (E[R)* P E Q"> ¢;

j=1

a—p+1

where the last equality was obtained by using the independence of {R;} and X.

For 1 <i<p—2let ¢ = [a—i] and condition on @ and X, respectively, to obtain

N

E[safiQi] - FE Safi _ Z(CjRj)aii Qz +F Qi Z(CjRj)aii

Jj=1

N

=E|QE |S* =) (C;R)*7'Q

=1

= (st 4 )

N

<E|Q (ERQ) T E| (S0
j=1

(7.10)
a—p+1
X
a—p—i—l:
(by Jensen’s inequality)
: (7.11)
N
j=1
+E[RE |Q Y
j=1
a—i| ] N a—i
Q|| +ERIE|Q > C
j=1
EQ > ¢ : (7.12)

Jj=1
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where for the inequality we used Lemma 4.1 (aw — ¢ > 1) and the inequality Zle yzﬁ < (Zle yl) for
any 3 > 1 and y; > 0. Note that all the expectations involving R in (7.11) and (7.12) are finite since
E[R®] < oo for all 0 < 3 < a by assumption. Next, observe that all the other expectations are of the form

E [Ql (Zj\;l Cj> - } for 1 <14 < p—1. To see that these are finite use Holder’s inequality with ¢ = a/(a—1)

and r = «/i to obtain

N a—1 N a—1
E|Q (¢ <1226 Q1
j=1 j=1
q
a 1/q
=(E|( ¢ (E[Q)" < .
j=1
O
Acknowledgements

We would like to thank an anonymous referee and Matthias Meiners for their helpful comments.

References

1]

D.J. Aldous and A. Bandyopadhyay. A survey of max-type recursive distributional equation. Annals of
Applied Probability, 15(2):1047-1110, 2005.

G. Alsmeyer and D. Kuhlbusch. Double martingale structure and existence of ¢-moments for weighted
branching processes. Miinster Journal of Mathematics, 3:163-212, 2010.

G. Alsmeyer and J.D. Biggins and M. Meiners. The Functional Equation of the Smoothing Transform.
arXiw:0906.3133, 2010.

G. Alsmeyer and M. Meiners. Fixed Points of Inhomogeneous Smoothing Transforms. arXiv:1007.4509,
2010.

G. Alsmeyer and U. Rosler. A stochastic fixed point equation related to weighted branching with
deterministic weights. Electron. J. Probab., 11:27-56, 2005.

G. Alsmeyer and U. Roésler. A stochastic fixed point equation for weighted minima and maxima. Annales
de UInstitiut Henri Poincaré, 44(1):89-103, 2008.

K.B. Athreya, D. McDonald, and P. Ney. Limit theorems for semi-Markov processes and renewal theory
for Markov chains. Ann. Probab., 6(5):788-797, 1978.

J.D. Biggins. Martingale Convergence in the Branching Random Walk. Journal of Applied Probability,
14(1):25-37, 1977.

J.D. Biggins and A.E. Kyprianou. Seneta-Heyde Norming in the Branching Random Walk. Ann.
Probab., 25(1):337-360, 1997.

P. Billingsley. Probability and Measure. Wiley-Interscience, New York, 3rd edition, 1995.

N.H. Bingham, C.M. Goldie, and J.L. Teugels. Regular variation. Cambridge University Press, Cam-
bridge, 1987.

A. Brandt. The stochastic equation y,+1 = an¥yn + b, with stationary coefficients. Adv. Appl. Prob.,
18:211-220, 1986.

R. Durret and T. Liggett. Fixed points of the smoothing transformation. Z. Wahrsch. verw. Gebeite,
64:275-301, 1983.

J.A. Fill and S. Janson. Approximating the limiting Quicksort distribution. Random Structures Algo-
rithms, 19(3-4):376-406, 2001.



[15]
[16]
[17]
[18]

[19]

[20]

P.R. Jelenkovié and M. Olvera-Cravioto/Implicit Renewal Theory on Trees 34

C.M. Goldie. Implicit renewal theory and tails of solutions of random equations. Ann. Appl. Probab.,
1(1):126-166, 1991.

A K. Grincevic¢ius. One limit distribution for a random walk on the line. Lithuanian Math. J., 15:580—
589, 1975.

R. Holley and T. Liggett. Generalized potlatch and smoothing processes. Z. Wahrsch. verw. Gebeite,
55:165-195, 1981.

A.M. Iksanov. Elementary fixed points of the BRW smoothing transforms with infinite number of
summands. Stochastic Process. Appl., 114:27-50, 2004.

P. Jagers and U. Rosler. Stochastic fixed points involving the maximum. In Mathematics and Computer
Science IIT (M. Drmota, P. Flajolet, D. Gardy and B. Gittenberger, eds.), 325-338. Birkh&auser, Basel,
2004.

P.R. Jelenkovi¢ and M. Olvera-Cravioto. Information ranking and power laws on trees. Adv. Appl.
Prob., 42(4):1057-1093, 2010.

J.P. Kahane and J. Peyriere. Sur certaines martingales de benoit mandelbrot. Adv. Math., 22:131-145,
1976.

Q. Liu. Fixed points of a generalized smoothing transformation and applications to the branching
random walk. Adv. Appl. Prob., 30:85-112, 1998.

Q. Liu. On generalized multiplicative cascades. Stochastic Process. Appl., 86:263—-286, 2000.

R. Neininger and L. Riischendorf. A general limit theorem for recursive algorithms and combinatorial
structures. Ann. Appl. Prob., 14(1):378-418, 2004.

U. Rosler. The weighted branching process. Dynamics of complex and irregular systems (Bielefeld,
1991), pages 154-165, 1993. Bielefeld Encounters in Mathematics and Physics VIII, World Science
Publishing, River Edge, NJ.

U. Rosler and L. Riischendorf. The contraction method for recursive algorithms. Algorithmica, 29(1-
2):3-33, 2001.

Y. Volkovich and N. Litvak. Asymptotic analysis for personalized web search. Adv. Appl. Prob.,
42(2):577-604, 2010.

E.C. Waymire and S.C. Williams. Multiplicative cascades: dimension spectra and dependence. J. Fourier
Anal. Appl, pages 589-609, 1995. Kahane Special Issue.

Department of Electrical Engineering Department of Industrial Engineering
Columbia University and Operations Research

New York, NY 10027 Columbia University

e-mail: predrag@ee.columbia.edu New York, NY 10027

e-mail: molvera@ieor.columbia.edu



