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FIXED POINTS OF THE MULTIVARIATE SMOOTHING TRANSFORM: THE CRITICAL
CASE

KONRAD KOLESKO*, SEBASTIAN MENTEMEIER

ABSTRACT. Given a sequence (T1,T2,...) of random d X d matrices with nonnegative entries, suppose there is
a random vector X with nonnegative entries, such that % -, T;X; has the same law as X, where (X1, X2,...)
are i.i.d. copies of X, independent of (T, T2,...). Then (thg law of) X is called a fixed point of the multivariate
smoothing transform. Similar to the well-studied one-dimensional case d = 1, a function m is introduced, such that
the existence of a € (0, 1] with m(a) = 1 and m/(a) < 0 guarantees the existence of nontrivial fixed points. We
prove the uniqueness of fixed points in the critical case m’(«) = 0 and describe their tail behavior. This complements
recent results for the non-critical multivariate case. Moreover, we introduce the multivariate analogue of the derivative
martingale and prove its convergence to a non-trivial limit.

1. INTRODUCTION

Let d > 2 and (T;);>1 be a sequence of random d x d-matrices with nonnegative entries. Assume that
N :=+#{i: T; #0}

is finite a.s. We will presuppose throughout that the (T;);>1 are ordered in such a way that T; # 0 if and only if
1 < N. Given a random variable X € R‘é = [0,00)%, let (X;);>1 be i.i.d. copies of X and independent of (T;)i>1.

Then sz\il T, X; defines a new random variable in Ré. If it holds that
N

(1.1) X 23 Tix,
i=1

where < means same law, then we call the law £ (X) of X a fixed point of the multivariate smoothing transform
(associated with (T;);>1). By an slight abuse of notation, we will also call X a fixed point.

This notion goes back to Durrett and Liggett [18]. For d = 1, they proved (see also [26, 4]) that properties of fixed
points are encoded in the function m(s) := Ezlj\il T? (here (T;);>1 are nonnegative random numbers): If m(a) =1
and m/(a) < 0 for some « € (0, 1] and some non-lattice and moment assumptions are satisfied, then there is a fixed
point which is unique up to scaling. Conversely, the condition m(«a) = 1, m’(«a) < 0 for some « € (0,1] is also
necessary for the existence of fixed points.

Moreover, if )(r) = E (e_TX ) is the Laplace transform of a fixed point, then there is a positive function L, slowly
varying at 0, and K > 0 such that

1 =y(r)
(1.2) }13%) L(ryre K
The function L is constant if m/(a) < 0 and L(t) = (Jlogt| v 1) if m/(«) = 0, the latter being called the
critical case. For o« < 1, the property (1.2) implies that the fixed points have Pareto-like tails with index «,
fe. limy oo t7*P (X >t) /L(1/t) € (0,00), see [26] for details. Tail behavior in the case o = 1, in which there
is no such implication, is investigated in [21, 26, 16].
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Existence and uniqueness results in the multivariate setting d > 2 for the non-critical case have been recently
proved in [27]. The aim of this note is to provide the corresponding result for the multivariate critical case. In order
to so, we will first review necessary notation and definitions from [27], in particular introducing the multivariate
analogue of the function m, as well as a result about the existence of fixed points in the critical case. Following the
approach in [9, 10, 25] we will then prove that a multivariate regular variation property similar to (1.2) holds for fixed
points (with an essentially unique, but yet undetermined slowly varying function L), which we use in order to prove
the uniqueness of fixed points, up to scalars. Under some extra (density) assumption, we identify the slowly varying
function to be the logarithm also in the multivariate case, which allows us to introduce and prove convergence of
the multivariate version of the so-called derivative martingale, a notion coined in [11]. It appears prominently in
the limiting distribution of the minimal position in branching random walk, see [1, 2, 11] for details and further
references.

2. STATEMENT OF RESULTS

We start by introducing the assumptions and some notation needed therefore. Write P(R%) for the set of prob-
ability measures on RZ and M := M(d x d,R>) for the set of d x d-matrices with nonnegative entries. Given a
sequence T := (T;)i>1 ‘of random matrices from M, only the first N of which are nonzero, with N < oo a.s., we aim
to determine the set of fixed points of the mapping S : P(R%) — P(RZ),

N
Sn:=L <Z TZ-XZ-> , for (X;);>1 i.i.d. with law n and independent of (T;);>1.
i=1

Without further mention, we assume (€2, B,P) to be a probability space which is rich enough to carry all the occurring
random variables.

2.1. The weighted branching process and iterations of S. Let V := [J - (N be a tree with root § and
Ulam-Harris labeling. We write [v| = nif v = vy ---v, € {1,...,N}", v|k = vy --- v}, for the ancestor in the k-th
generation and vi = vy - - - v,¢ for the i-th child of v, ¢ € N.

To each node v € V assign an independent copy T'(v) of T' and, given a random variable X € R, as well an
independent copy X (v) of X, such that (T'(v)),ey and (X (v)),ey are independent. Introduce a filtration by

B, = o (T ).

Upon defining recursively the product of weights along the path from ) to v by
L(0):=1d,  L(vi) = L(u)T(v),

we obtain the iteration formula

which in terms of Laplace transforms ¢(x) = E [e_@’X)] becomes

(2.1) S"¢(x) _E[ 11 ¢(L(U)Tx)}, zeRL.
|[v|=n
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2.2. Assumptions. As noted before, we assume
(A1) the r.v. N :=#{i : T; # 0} equals sup{i : T; # 0} and is finite a.s.

and
N >1as.and 1 < EN < oo.

This assumption guarantees, that the underlying Galton-Watson tree (consisting of the nodes v with L(v) # 0) is
supercritical and allows to define a probability measure y on M by

1 N
(2.2) [ r@utia) = ok (me)).

On the (support of the) measure p, we will impose the following condition (C):

Definition 2.1. A subsemigroup I' C M satisfies condition (C), if

(1) every a in I is allowable, i.e. it has no zero row nor column, and
(2) T contains a matrix with all entries positive (> 0).

For the measure p as defined in Eq. (2.2), we assume

(A2) The subsemigroup [supp u] generated by supp p satisfies (C).
Note that if a € M is an allowable matrix, then we can define its action on Ss := §4-1n R% by
a-u = ﬂ, u € Ss.
|au| -

Furthermore, we need a multivariate analogue of a non-lattice condition: Recall that a matrix a with all entries
positive has a algebraic simple dominant eigenvalue Ay > 0 with corresponding normalized eigenvector v, the entries
of which are all positive.

(A3) The additive group generated by {log \s : a € [supp u| has all entries positive} is dense in R

Let M, (M,,)nen be i.i.d. random matrices with law y, and write IT,, := [[\"; M,,. Then it is shown in [27], that
the multivariate analogue of the function m is given by

m(s) := E[N] lim (E |[TL,[*)"",
which is finite on
I, :={s>0: E[|M||S} < 00}
On I, it is log-convex, and thus the left-handed derivatives m’(s™) exist.
We assume to be in the critical case, i.e.
(A4) there is o € (0,1] N I, with m(a) =1 and m/(a™) = 0.

For the multivariate case, the classical T-log T condition splits into an upper bound and a lower bound: Introducing
t(a) := inf,es. |au|, we observe that ((a) > 0 for a € M, and that for all u € S5,

va) < lau[ < ]l

Note that if a is invertible, then |la~! Hfl < (a).
(A5) E| M) log(1 + ||M||>} < oo, E[(l T IM)® [log (M) | < oo

Sometimes we will impose the stronger condition
(A6) There is ¢ > 0 such that P (¢(M") > ¢) = 1,
which together with the first part of (A5) implies the second part of (A5).
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In the second part of the paper, we will need stronger assumptions on p, which guarantee that the associated
Markov random walk (to be defined below) is Harris recurrent. We will consider the absolute continuity assumption

(A3c) Jag € int(M)3yp,c>0s.t. P(M € ) > ~o19%- N Be(ag)),

where 19%¢ denotes the Lebesgue measure on the set of d x d-matrices, seen as a subset of R?. A similar assumption

for invertible matrices appears in [23, Theorem 6] and subsequently in [6]. It is easy to check that (A3c) implies
(A3).

We will consider as well a quite degenerate case, namely
(A3f) supp p is finite and consists of rank-one matrices, and (A3) holds.

Note that an allowable rank-one matrix a has all entries positive, the columns are multiples of a vector v, € int(S>),
and consequently, a - u = v, for all u € Ss.
We will also impose a stronger moment condition, namely

(A7) |:Np0 <Z |IT; |> ] < 00 for some pg, p1 > 1 such that py + p1 > 2.

Note that (A7) implies

N 146
(2.3) E[ (Z ||Ti||a/(1+6)> ] < oo for small enough 6 > 0.

Indeed, for any 0 < s < 1 and p such that 1/p = (1 —s)/po + s/p1, using first Jensen’s and then Holder’s inequality,
the random variable va | T;||” has finite moment of the order p:
%
( {<Z|T ||) D < .

E{ (ﬁ:ITiISY} SE[N(l—S)p @]TJ)SP} ENT)"

2.3. Previous Results. We have the following existence result in the critical case.
Proposition 2.2. Assume (Al) - (A2) and (A4) — (A5). Then Eq. (1.1) has a nontrivial fized point.
Source: Theorem 1.2 in [27]. O

The main contribution of this paper is to prove the uniqueness of this fixed point, and to give asymptotic properties
of its Laplace transform. It is convenient to introduce polar coordinates (r,u) € [0,00) x S> on RZ. Moreover, we

will use that for s € I,,, the operators P* and P;, being self-mappings of the set C (S>) of continuous functions on
S> and defined by

Péf(u) :=E(|Mu|® f(M-u)), Pif(u):=E (’MTU‘S fm’. u)) ,

are quasi-compact with spectral radius equal to k(s) := (EN)~'m(s) and there is a unique positive continuous
functions H® € C (S>) and unique probability measures vy, v; € P(S>) such that

m(s) m(s) m(s)
2.4 pops = ) s PS = . “ps =
(2.4) * EN 7 EN g EN

Vg
and the following relation holds:

(2.5) / *vs(dy) for all u € S>.
S

See [17] for details and proofs. Using Eq. (2.5), we can extend H® to a s-homogeneous function on R>, ie.

Ho(x) = /Sz<x,y>5us<dy> ol (L), aeRL
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Using H®, we are now going to provide a many-to-one lemma.
Let u € S». Define for v € V

S*(v) := —log |L(U)Tu} , U'(v) :== L(v)" - w.
Then, by Eq. (2.4), we see that
N
i=1

—_

- 71@1\]@[ M -, t+log M ul) [MTu|” HS(MT - }

T EN B[S b+ log M u]) Ml 1M )

defines a Markov transition operator on S» x R. Let (Uy,, Sp)n be a Markov chain in S> x R with transition operator
Q% and denote the probability measure on the path space (S> x R)" with initial values (Up, So) = (u,s) by Pg
and the corresponding expectation symbol by Ef .. Most times, we will use the shorthand notations Py = P7 ; and
Py = [ P%  n(du, ds) for a probability measure 7 on S» x R.

Proposition 2.3. For all s € I,,, u € Ss, n € N and measurable f : (S> x R)"™1 — R,

1 " u —5S™(v) ys ([7u B
TG HZ (W (0lk), " (vlk)rsn ) €S OB U ()| = B f(Uo, So,+++, Un, Sn).
Source: Corollary 4.3 in [27]. O

We call (U,,, Sy)nen the associated Markov random walk. It generalizes the concept of the associated random walk
in [18, 26]. In particular, it holds for all u € S>, that

.S
lim == = 0 Pg-as.,
n—oo M,

see [17, Theorem 6.1]. Moreover, it is shown in [15, Lemma 7.1] that
b(u) := nhﬁrr;o Ey Sy
is well defined and continuous, and satisfies
(2.7) Eg[S14b(U1)] = b(u).
Using Eq. (2.7), we obtain that
Wa(u) =Y [S"(0)+b(U" ()] H*(U (v))e 5
|[v]=n

defines a martingale with respect to the filtration B,,, which we will show to be the multivariate analogue of the
derivative martingale. In fact, b can be considered as the derivative of H?*, see [15, (7.9)].

2.4. Main Results. Our first result proves that, upon imposing the non-lattice condition (A2) and the stronger
moment reap. boundedness assumptions (A6)—(A7), the fixed point given by Proposition 2.2 is unique up to scaling,
and satisfies an multivariate analogue of the regular variation property (1.2).

Theorem 2.4. Assume (Al) — (A7) . Then there is a random measurable function Z : S> — [0, 00) with P (Z(u) > 0) =|}
1 for all w € S>, such that X is a nontrivial fized point of (1.1) on R% if and only if its Laplace transform satisfies

(2.8) Y(ru) == E (e_r<“’X>> =E (e_TQKZ(“)> Yu €S>, r € R>

for some K > 0.
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There is an essentially unique positive function L, slowly varying at 0 with liminf, o L(r) = oo, such that

(2.9) Il G0

r—0 L(r)re KH (u)

Remark. Essentially unique means that if L and Lo satisfy Eq. (2.9), then lim, 0 L1(r)/La(r) = 1. Depending on
the value of «, additional information can be extracted from Eq. (2.9).
(1) If @ < 1, then a Tauberian theorem (see [19, XIII.(5.22)]) together with [8, Theorem 1.1] implies the following
multivariate regular variation property
X
P(|X|>sr,m€-) .

lim =5 "V,

oo P (1X]>7)

see [27, Section 6] for details.

(2) If a = 1, then E|X]| = oo for every non-trivial fixed point, see Lemma 5.6. Moreover, the aperiodicity
condition (A3) is not needed, see Remark 4.4. This is in analogy with the one-dimensional situation, see
e.g. [26, Corollary 1.5].

Upon imposing the additional assumptions (A3c) or (A3f) on p, we will identify the function L as well as the
random variable Z.

Theorem 2.5. Assume (Al) — (A7), with (A3c) or (A3f) instead of (A3). Then W, (u) converges a.s. to a
nonnegative limit W(u) with P OV (u) > 0) = 1, and a random variable X € R‘é is a nontrivial fized point of (1.1)
if and only if for some K > 0,

E (e_r<“’X>) = E (e_TQKW(“)) Yu € S, 7 € R».
Moreover, the slowly varying function L in Eq. (2.9) can be chosen as (a scalar multiple of ) L(r) = |logr| V 1.

2.5. Structure of the Paper. The further organization is as follows: In Section 3, we study the associated Markov
random walk, which is recurrent due to the criticality assumption. Under assumptions (A3c), a regeneration property
known from the theory of Harris recurrent Markov chains will be shown to hold. In Section 4, we prove that each
fixed point satisfies (2.9), which is a main ingredient in the proof of uniqueness in Section 5. In Section 6, we turn
to the proof of Theorem 2.5 and study the behavior of the Laplace transform of the fixed point. We conclude with
Section 7, where the convergence of the derivative martingale is proved.

Acknowledgements. The main part of this work was done during mutual visits to the Universities of Muenster
and Warsaw, to which we are grateful for hospitality. S.M. was partlially supported by the Deutsche Forschungsge-
meinschaft (SFB 878). K.K. was partially supported by NCN grant DEC-2012/05/B/ST1/00692.

3. THE ASSOCIATED MARKOV RANDOM WALK

In this section, we provide additional information about the associated Markov random walk, in particular about
its stationary distribution and recurrence properties. Moreover, we show that it is Harris recurrent and satisfies a
minorization condition under the additional assumption (A3c).

3.1. The Associated Markov Random Walk. The Markov chain (U,, Sy,), constitutes a Markov random walk,
i.e. for each n € N, the increment S,, — S,,—1 depends on the past only through U, _1, this follows from the definition
of Q%. Such Markov random walks which are generated by the action of nonegative matrices where first studied by
Kesten in his seminal paper [23], and very detailed results are given in [17]. For the reader’s convenience, we cite those
who are important for what follows. Recall that we denoted the Perron-Frobenius eigenvalue and the corresponding
normalized eigenvector of a matrix a € int(M) by A, resp. va.

Proposition 3.1. Assume (Al) - (A2) and let o € I, (m(a) = 1 is not needed here). For this o, assume (A5).
Then the following holds:
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(03
u’

(1) The Markov chain (Uy)n on S> has a unique stationary distribution 7 under P, with density (proportional

to) H® w.r.t the measure V.
(2) supp7® = {v, : a € [supp p] Nint(M)}.
(3) For allu € S»,

.
lim & =E%. 51 :/ EoS) 7 (du) = M PS-a.s
n—oo * S» m(a)
Now assume 1 € I, and that (A5) holds for a = 1. Then b := EM € int(M).
(4) m(1) = (EN)\p and H'(u) = (u, vp).
(5) The derivative of m at 1 can be calculated to
M
m'(17) = / E <w log|Mu|) 7L (du)
SZ <u7 Ub>
Source: Sections 4 and 6 of [17]. O

3.2. Recurrence of Markov Random Walks. By Proposition 3.1 (3), in the critical case m’(a~) = 0 the Markov
random walk (S,,), is centered in the stationary regime and satisfies a strong law of large numbers. Alsmeyer [3]
studied recurrence properties of such Markov random walks, which we will make use of.

Lemma 3.2. Assume that (A1)-(A5) hold. For any open set A with 7&(A) > 0 and any open interval B C R, it
holds that

(3.1) Pre((Un, Sn) € A x B infinitely often) = 1.

If the aperiodicity condition (A3) is not assumed, then still

(3.2) liminf S,, = —o0, limsup S, = oo P -a.s.
n—0o0 n—o0 *

Proof. Let A be any open set A with 7¢(A) > 0. By the strong law of large numbers for Markov chains (see [14]),
M 1 = o [e3
(3.3) Jim — ; fUy) = / f@)78(de)  Pla-as.,

thus, using f = 1.4, we obtain that P7. (U, € A infinitely often) = 1. Denote the successive hitting times of A by 7,.
Then (U;,, S;,) is again a Markov random walk, and 74 := 7%(- N A) /7% (A) is the stationary probability measure
for U,,. The aperiodicity assumption (A3) implies that (U,,S,) are nonarithmetic in the sense of [3], see [15] for
details. Lemma 1 in [3] gives that (U, ,S;, ) is nonarithmetic as well. Using (3.3) with f = 1 4 again, this gives that
n/7, — w(A) a.s. Combining this with the strong law of large numbers (3) in Proposition 3.1, we deduce that

S,

n

. Tn . Tn 1
lim —= = lim —=—-0 Pfr‘a—a.s..
n—oo N n—oo T, N e (A) *

Then Theorem 2 in [3] (for the nonarithmetic case) gives that the recurrence set
{seR: foralle >0, 5, €(s—e,s+¢) infinitely often }

equal to R, which shows that P%.(S,, € B infinitely often) = 1.
In the arithmetic case, the recurrence set is still a closed subgroup of R, which implies the oscillation property. [

Corollary 3.3. There is ug € int(S>) N (supp 7%) such that
(3.4) P53 ((Un, Sn) € A x B infinitely often) =1, and

(3.5) liminf S, = —oo, limsup S, = oo Pg -a.s.
=00 n—00
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Proof. By Proposition 3.1, supp ¢ consists of the (closure of the) set of normalized Perron-Frobenius eigenvectors
of matrices a € [supp p] with all entries strictly positive. By part (2) of (C'), this set is nonempty, hence int(S>) N
(supp7¢) # 0 and even 7¢(int(S>)) = 1. On the other hand, Lemma 3.2 implies validity of (3.4) and (3.5) for
nl-a.e. u € S>, hence we can find uy € int(S> ) satisfying the assertions. O

3.3. Implications of Assumptions (A3c) and (A3f). In this subsection, we explain how Assumptions (A3c) and
(A3f) imply that the Markov chain (U, )neny has an atom (possibly after redefining it on an extended probability
space), which can be used to obtain a sequence (0, )nen of regeneration times for the Markov random walk (U, S,,),
i.e. stopping times such that(U,, , S5, — So,_,)neny becomes an i.i.d. sequence. Namely, we are going to prove the
following lemma for the Markov chain (U,,Y,,) := (Un, Sy — Sn-1)-

Lemma 3.4. Assume (A1)~(A2) and (A3c) or (A3f). On a possibly enlarged probability space, one can redefine
(Un, Yo )n>o together with an increasing sequence (op)n>0 of random times such that the following conditions are
fulfilled under any P, uw € S>:

(R1) There is a filtration G = (Gy)n>0 such that (Uy, Yy )n>o0 is Markov adapted and each oy, a stopping time with
respect to G, moreover, {o, =k} € G for all n,k > 0.

(R2) The sequence (0n 41 — On)n>1 08 i.0.d. with law P, (o1 € -) and is independent of o1.

(R3) Foreach k> 1, (Usyin, Yor+n)n>0 18 independent of (Uj,Y;)o<j<o,—1 with distribution P%((Um Yo )n>o0 € -).

(R4) There is q € (0,1) and | € N such that sup,cs_ Pg (o1 > In) < ¢".

This lemma is quite immediate under condition (A3f), for Proposition 3.1, (2) shows that the unique stationary
measure 7¢ for (U,) under P¢ is supported on the finite set $ := {va : a € supp u} (note that van = va if a has
rank one, thus the semigroup [supp p] can be replaced by supp p.) Moreover, independent of the initial value u € S,
Uy € S P-fs.,, ie. S»\ S is uniformly transient for (Uy,)nen, and thus we can study (U, )nen on the finite state space
$. Then, if (o,)nen is a sequence of successive hitting times of a point ug € $, the assertions of the lemma follow
from the theory of Markov chains with finite state space.

Remark 3.5. A crucial point is that we also obtain the independence of Y,, from (U;,Y;)o<j<o,—1, thereby
strengthening analogous results for invertible matrices, obtained in [6, 28].

From now on, assume (A3c). We are going to prove that the chain (U,,Y},) satisfies a minorization condition as
in [7, Definition 2.2] resp. [30, (M)]. If va, € S> is the Perron-Frobenius eigenvalue of the matrix ag from (A3), then
we have the following result:

Lemma 3.6. For each u € S>, § > 0,
P& (U, € Bs(va,) infintely often ) =1,
moreover, if T denotes the first hitting time of Bs(va,), then there is 1 > 1 and qo € (0,1) such that

sup P (1 > In) < qf,
uESz

i.e. 7/l is stochastically bounded by a random variable with geometric distribution.

Source: This is proved in [23, p.218-220, proof of 1.1], the crucial point being that v,, is a strict contraction on
S> with attractive fixed point va,, and small perturbations of ag still attract to a neighborhood of vs,, and such
matrices are realized with positive probability. O

Lemma 3.7. There are § > 0, v > 0 and a probability measure n on R := Bs(va,) X R such that for all u € Bs(va,)
and all measurable subsets A C Bs(va,), B CR

P5(Uy € A, Y1 € B) > yn(A x B).
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Proof. We follow the approach in [6, 28].
STEP 1. Given ¢ > 0, ag € int(M), there is € > 0 such that for all orthogonal matrices O, satistying ||O — Id|| < ¢,
B.2(ag)O C Be(ag). Proof: Let b € B, /a0, then, since O is an isometry,

[PO —ag|| < [[bO —agOl| + [|agO — ag|| < [[b —ag|| — [lag[| |O — Id|| < ¢/2 + ¢ |ao| -

STEP 2. For all € > 0 there is § > 0 such that for each u € Bj(va,) there exists an orthogonal matrix O, with
u = 0yva, and ||O, — Id|| < e. Source: [28, Lemma 15.1].
STEP 3. Introduce the finite measure

(A x B) = / Ta(a- va,) 1p(—log|ave,|) 19%(da).
Bc/z(aﬂ)

Combining Steps 1 and 2 and Assumption (A3c), there is 6 > 0, such that for all u € Bs(va,) there exists an
orthogonal matrix O, with u = Oyva, and B, 3(a9)O0, C Be(ag). Hence for all u € Bs(va,), by Assumption (A3c)
and using that [9%¢ is invariant under transformations by a matrix with determinant 1 (see [28, proof of Prop. 15.2,
Step 1] for more details, using the Kronecker product)

PM" -ue A, —log‘MTu‘ €B) > / Ta(a-u)1p(—log|aul) 19%%(da)
B./2(a0)Ou

=7 / ]lA(aO;1 ~u)1p(— log‘aoglu‘) ldXd(da)
B./2(a0)
=% 17(A x B).

STEP 4: To obtain a minorization for the shifted measure P¢

., recall that H* is bounded from below and above,
to obtain that

HO(
P3(Uy € A Y1 € B) > / a(“’)
ANBg(vay) /B H (W)

> 71/ / H*(w)e™* (dw,dy) =: n(A x B)
AﬂBg(’UaO) B

e” PM" -u € dw, —log |MTu| € dy)

Upon renormalizing 7 to a probability measure, and thereby determining -, we obtain the assertion. 0

Now we are ready to prove Lemma 3.4 under Assumption (A3c):

Proof of Lemma 3.4. Lemmata 3.6 and 3.7 imply that the chain (U,,Y},)n>0 is (R,”y, n, 1)—recurrent in the sense

of [7, Definition 2.2]. Then the lemma follows from [7, Lemma 3.1 and Corollary 3.4]. The regeneration times oy,
are constructed as follows: Let (&,)n>0 be a sequence of i.i.d. Bernoulli(1,y) random variables, independent of
(Un, Yo )n>0. Whenever (U,,Y,,) enters the set R, (Up+1, Yn+1) is generated according to 7 if &, = 1, and according
to (1 — ) Y(P — vn) if £ = 0. The total transition probability thus remains P = P%((Uy,Y1) € ). Together with
Lemma 3.6, this construction immediately gives that ¢; can be bounded stochastically by a random variable with
geometric distribution. 0

4. REGULAR VARIATION OF FIXED POINTS

In this section, we show that every fixed point of S, the existence of which is provided by Proposition 2.2, satisfies
the regular variation property (2.9).
Let ¢ be the Laplace transform of a fixed point of S in the critical case m’(«) = 0. Introduce

1= (e tu)

4.1 D(u,t) i = ————— te R
( ) (U, ) e_atHa(u), UGSZ, 6
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Our aim is to study behavior of D as ¢ goes to infinity. Let ug be given by Corollary 3.3. Following the approach in
[25], we are going to show that
Dlus+1) 11— CHu) H(u)

M) = ) e — o Fug)) Ho(w)

converges to 1 as ¢ tends to infinity. This shows in particular, that D(ug,t) is slowly varying as ¢t — oo. We then use
the results of [27] to deduce that this already implies that D(u,t) is slowly varying for all u € S>.

Lemma 4.1. For every sequence (tx)igen, tending to infinity, there is a subsequence (tn)nen such that hy, (u,s)
converges pointwise to a continuous function h: S> x R — [0,00).

Proof. Introduce for ¢ € R the function f; : R% — [0, 00)

1—¢(e”"z)
ft(l’) = YR
1 — (e uo)
Since 1) is a Laplace transform and ¢ is fixed, it follows (using the multivariate version of the Bernstein theorem, [13,
Theorem 4.2.1]), that the derivative of f; is completely monotone in the multivariate sense, and hence,

pi(x) = exp(—fi(z))

is the Laplace transform of a probability measure on R, due to [19, Criterion XIII1.4.2]. Note ¢;(0) = 1, while the
limit as |z| — oo may be positive, so the corresponding probability measure might have some mass in zero.

Since the set of probability measures is vaguely compact, we deduce that for any sequence ¢y, tending to infinity,
there is a subsequence t,, such that ¢, converges pointwise to the Laplace transform ¢ of a (sub-)probability measure
on R%, which is continuous except for maybe in 0. Since ¢y, (ug) = e~! > 0 for all n, it follows that ¢ > 0 on R%,
and hence, we obtain that

lim fi(x) = f(x) = ~logp(x)

exists for all z € RY with f being continuous on RZ \ {0}.
This implies the pointwise convergence

nlirgohtn(u,s) = h(u,s) = e Hew)

where the function h is continuous on R x S>. O

Lemma 4.2. Let t,, be a sequence such that hy, converges to a limit h. Then h is superharmonic for (U,, V) under

P, ie.

h(u, S) > Eg h(Ul, S+ Sl)
Proof. Using Eq. (2.1) and a telescoping sum, we obtain (since 1 is a fixed point),
L—¢e M)
efa(ert)Ha(u)

g (1= TIY, (T e~ (5+0y)
efa(ert)Ha(u)

D(u,s+1t) =

N

1 — (T ety T, —(s+t)
E Z e—o‘(5+t)Ho‘(u) H (T, e w)

i=1 1<j<i
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Now divide by e*(1 — ¢(etug))/H(ug) to obtain

_S“(i —(s+t)Uu i oS (5) rro T
i <; e )

< ]I w<e5“<i><s+t>U“<z'>>>

1<j<i

)e a(S“@)+S)

N A —S"(i)— s UY(i
- <Z f( ) I—

~ H w(e—su(i)—(S-i-t)UU(i)))

1<j<u
- (Z (U@, 5+ 8"(@)) e O @) T] w(e"® <S+t>U“<>>>
1<5<1

Now consider the subsequential limit ¢,, — oo, then the LHS converges by assumption to h, while for the RHS, we
use Fatou’s lemma and observe that the product tends to 1, so that we obtain:

N
h(u,s) > Hal( B <Z; h(U“(i),s—i—S“(i)) e‘aSu(i)HO‘(U“(i))>

= E h(U1, s + S1).

Lemma 4.3. The (subsequential limit) function h is constant and equal to 1 on supp & x R.

Proof. Tt follows from Lemma 4.2 that h(U,, s + S,,) is a nonnegative supermartingale, which hence converges a.s.
as n — 0o. Now assume that h(u,s) # h(w,t) for u,w € supp ¢ and s,t € R. Since m/(a) = 0, (Up, Sp,) under P
is a recurrent Markov Random Walk by Lemma 3.2, thus it visits every neighborhood of (u, s) resp. (w,t) infinitely
often. But then, due to the a.s. convergence of h(Uy,,s + S,) and the continuity of h, we infer that h has to be
constant. Since furthermore h(ug,0) = 1, the assertion follows. O

Remark 4.4. Note that here (via Lemma 3.2) the aperiodicity condition enters. It is not needed if ov = 1, because
then h itself is a multivariate Laplace transform, which is in particular monotone. Then using again the a.s. conver-
gence of h(U,, s+ Sy,) together with the fact that S, oscillates (see Eq. (3.2)) shows that & has to be constant.

Lemma 4.5. It holds that

. 1— (e “u)  H*(ug)
4.2 1 =1 i S R
“2) A o (1 — g o)) Ho(w) “ESz e ek,

and the convergence is uniform on compact subsets of S> x R. In particular, the positive function

1 —4(rug) B
(4.3) L(r) = T2 T (o) ( = D(ug,—log r))
is slowly varying at 0, and
1— p(ru)
4.4 li — = — H¢ =
@9 f sup | - )] = o
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Proof. Combining Lemmata 4.2 and 4.3, we obtain that for every sequence ¢; — oo there is a subsequence t,, — oo
such that for each s € R,
—(s+tn
1 = lim h, (ug,s) = lim } — (e — uo)
n—00 n—oo e~ (1 — 1) (e truyg))
Since all subsequential limits are the same, we infer that lim; o ht(ug,s) = 1 for all s € R, which in particular
proves the slow variation assertion about the function L(r), for L(sr)/L(r) = h_1ogr(uo, —log s). Using the estimate

(m,in <uo>i) 1= (r1)) < (1—(run)) < (1—1(r1))

1<i<d

(see [27, Lemma A.1]), we deduce further that
1-— 1 1-— 1
0 < liminf w < limsup w
r—oo  L(r)re rooo  L(r)re
i.e., ¥ is L-a-regular in the sense of [27, Definition 2.1]. Then [27, Theorem 8.2] provides us with the first assertion,

i.e. the (uniform) convergence in Eq. (4.2). Then Eq. (4.4) is a direct consequence when considering the compact set
SZ X {0} O

< 090,

5. UNIQUENESS OF FIXED POINTS

In this section, we are going to finish the proof of Theorem 2.4. Therefore, we show that the slowly varying function
appearing in (2.9) is essentially unique, and that this property then identifies the fixed points. The approach is the
multivariate analogue of [9, Theorem 8.6].

We start with the following lemma, the proof of which we postpone to the end of this section for a better stream
of arguments.

Lemma 5.1. Assume (A1)—~(A2), (A4) and (A5). Then
(5.1) lim max [[L(v)|| =0 P-a.s.

n—oo \y|_
For u € S>, we can introduce for t € R the homogeneous stopping line
) = {veT: S%v) >t SUvlk) <tVk <|v|}.

Since max|,|—, [|[L(v)[| — 0 P-a.s. by Lemma 5.1, this stopping line is finite P-a.s. and intersects the whole tree (is
dissecting).
Let ¢ be a fixed point of S. Define

My(z):= [] v@L@®) z), xR
|[v]=n

By Eq. (2.1), this constitutes a bounded martingale w.r.t. 55, for every x and we call its P-a.s. limit M (z) € [0, c0)
the disintegration of the fixed point 1. Setting

Z(x) := —logM(x),

the martingale property together with boundedness implies that ¢ (x) = Eexp(—Z(z)) for all z € R%. Following the
proof of [5, Lemma 4.1], one can show that M(-,w) is a Laplace transform for P-a.e. w € Q, and that M is jointly
measurable on S x €. This implies the same for Z.

Proposition 5.2. Assume (A1)~ (A5) and (A7). Let ¢ be a fized point of S with disintegration M. Let F : RS —
[0,00) be a nonnegative measurable function with lim, o sup,es_ |F'(su) —v| =0 for some y > 0. Then the following
holds:

(1) limnsoo 32112 FL(v)"2)(1 —9¢(L(v)"2)) =vZ(z) P-a.s.

(2) For allu e Ss, reRs, Z(ru) =r*Z(u).

(3) Y(ru) = Ee " 4™ for allu € Ss, r > 0.
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(4) Z(u) € (0,00) P-a.s.. .
(5) limy— oo ZUGI;L (1—9(e " ™U%(v))) = Z(u) P-a.s. for allu € S5.

Proof. Using Lemma 5.1, the proof of Assertion (1) is the same as for [27, Lemma 7.3] and therefore omitted. By

Lemma 4.5, for all » € Ry and u € S», the function F(su) := 117_11({:;)) converges uniformly to r*. Thus we obtain
(2) by an application of (1). Then (3) is an immediate consequence of ¥(z) = Eexp(—Z(x)).

Reasoning as in the proof of [17, Theorem 2.7, Step 6], we see that for any nontrivial fixed point X of S,
P (X =0) =0, and consequently Z(u) > 0 P-a.s.. On the other hand, since ¢ is the Laplace transform of a random

variable on R‘é, Z(u) < oo P-a.s. O

The subsequent lemma is where we use assumption (A6). Using the definition of 4, it implies that with ¢/ := —loge¢

P(S“(i) > V1 <i<N) <E[Z]1 S (i) > ’)}
i=1
= (EN)IE[]I(—log|MTu| > c')} = (EN)P (M u| < c)
< (ENP ((M") <c) = 0.
In other words, the increments of S(vi) — S(v) are P-a.s. bounded by ¢'.

Lemma 5.3. Assume (A1)—(A7). Let 1 be a nontrivial fixed point of S with associated slowly varying function L
given by Eq. (4.3). Then

« U 7045“(1)) o _
(5.2) Jlim L(e Ny HA U = Z(u) Py-a.s.
,UEIH/
Proof. By Lemma 4.5,

. L-plety)
S TR L)

and the convergence is uniform on compact sets for (y, s). In particular, it is uniform on the set S> x [0, ¢’]. Now
applying this result with s = S*(v) —t and y = U%(v) with v € Z}* and using that

0 < S"w)—t < S%w)—S"(|(Jv] - 1)) €0,¢]

by Assumption (A6), we deduce from Proposition 5.2, (5) that
1/}(6 (S*(v) t)ftUu(v))

Z(u) = lim > L(e ) H*(U"(v))e 5" ™)

{500 = H“(U“(v))e a(Su(v)— t+t)L(€7t)
o a(TTU 7ocS“(v) B
= lim L(e ; He(U( P-a.s.

O

Remark 5.4. The idea of this proof follows that of [9, Theorem 8.6]. There an assumption similar to (A6) is avoided
by using the theory of general branching processes, see [22, 29]. A similar approach is taken in [27] in the non-critical
case, a crucial ingredient of which is an application of Kesten’s renewal theorem [24, Theorem 1]. In the critical
case, a variant of Kesten’s renewal theorem for driftless Markov random walks, or a strong theory of Wiener-Hopf
factorization seems to be needed in order to proceed along similar lines.

Now we are ready to prove our main result.
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Proof of Theorem 2.4. STEP 1: By Proposition (2.2), there is a nontrivial fixed point of & with LT 1, say. By
Proposition 5.2, for each u € S, there is a random variable Z(u) with P (Z(u) > 0) = 1 and such that ¢ (ru) =
Elexp(—r*Z(u))] for all r € [0, 00). Define L(r) by (4.3), choosing a suitable uy.

STEP 2: Let now 1 be the Laplace transform of a different nontrivial fixed point, with corresponding disintegration
My and Zs, and slowly varying function Lo, defined by (4.3), using the same wug as before. Recall that Z(u) and
Z3(u) are P-a.s. positive and finite by by Proposition 5.2, (4) for each v € S>. Then we have by Lemma 5.3 that
P-a.s.,

im Zy(u) - Ly(e™") Ypery Ho(U"(v))e ") ~ lim Ly(e™)
e Zw) e L(e ) 3y HAUH (o)) o5 @ 5% (e h)
First, fixing w € S, this proves that the limit of the right hand side exists and equals some K € (0, c0). Then, using
the equation again for general u, we obtain Z(u) = K Z(u) P-a.s.. Consequently,

Yo(ru) =E (ef’”azz(“)) =E (efTaKZ(")) = (K ),

which proves Eq. 2.8.

STEP 3: Fix L to be the slowly varying function corresponding to ¢. Then Eq. (2.9) follows from Eq. (4.4) for
this particular v, and moreover,

1-— K(1 —(KY*ru)) L(KY/*
o L2 KO G ) L)
=0 r*L(r) r—0  KreL(KYer) L(r)
The final assertion about limsup,._,, L(r) will be proved in Lemma 5.6. (]

5.1. Proof of Lemma 5.1. Using Proposition 2.3, one shows that for all © € S>,

= Y LWy = Y ) va(dy)
Jo|=n /S“

lv|=n

defines a nonnegative martingale w.r.t. the filtration B,,. Its P-a.s. limit W (u) appears prominently in the non-critical
case, where every fixed point has a Laplace transform of the form ¢(ru) = Eexp(—Kr*W (u)), see [27, Theorem
1.2]. In the critical case, its limit is trivial:

Proposition 5.5. Assume (A1)—(A2) and (A4) and (A5). Then W(u) =0 P-a.s. for all u € S>.

Proof. Since W (u) as the limit of a nonnegative martingale is again nonnegative, it suffices to show that EW (u) = 0.
It even suffices to show that EW (ug) = 0 for one ug € int(S>), for due to nonnegativity

(5.3) (u,L(v)y) < (1,L(v)y) < (uo, L(v)y)

rninl- (’UJO)Z
and hence W, (u) < cW,(ug) for ¢ = [min;(ug);]~*.

It is shown in [11, Theorem 2.1 (iii)], that EW (uo) = 0 follows from limsup,, _, .. H*(U,)e**" = oo P -a.s. But
the latter is a direct consequence of (3.5), together with the strict positivity of H®. 0

Proof of Lemma 5.1. Let as before ug € int(S>) and set ¢ = [min;(ug);] ™! < 0co. Recalling Eq. 5.3 and the definition
of W,,(up), we have

W) = 3 [ Ll vain)
y [17, Corollary 4.7], there is a constant C' such that for any allowable a, ||a]|* < CfS> lay|® v (dy), hence

_fw (91) Z LI = max L))",

and the assertion follows. O
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Lemma 5.6. Under the assumptions of Theorem 2.4, limsup,_, . L(r) = 0. If a« = 1, then E|X| = oo for every
nontrivial fized point X .

Proof. Suppose that limsup,_,o L(r) < C' < co. By an extension of Prop. 5.2, (1),

- v T’U,
Zw) = Jim > L) u)) B (L) ") L(|L(11;)T11f|()LI§Ta)(L()v)Tu)

|[v]=n

IN

: et T _ _
<2g&z;H(MW1U—<WWM—O
by Proposition 5.5, which gives a contradiction.

If now a = 1, then

1—
lim 2200 mx),
r—0 r
being finite or not. Combining this with Eq. (2.9) implies that
) _ (u,EX)
L) = FHaqa)”
hence E |X| = oo, since limsup, _,, L(r) = . O

6. DETERMINING THE SLOWLY VARYING FUNCTION

In this section, we work under one of the additional assumptions (A3c) or (A3f), together with (A7). We want to
identify the slowly varying function L, which was (given a nontrivial fixed point ¢ and a reference point ug € supp v/}")
defined in Eq. (4.3) to be
1 —(rugp)

L(r) = reH(ug)

= D(ug,—logr).

We are going to show that

(6.1) lim 2(0:1)

!/
Jim =K' € (0,00),
which gives that lim,_,o L(r)/ [logr| = K’, i.e. we may choose the slowly varying function to be a scalar multiple of
[logr| Vv 1.
The basic idea to prove Eq. (6.1) comes from [18] and is by using a renewal equation satisfied by (the one-
dimensional analogue of) D(ug,t). In the present multivariate situation, we obtain a Markov renewal equation for
a drift-less Markov random walk. By a clever application of the regeneration lemma, we can reduce this again to a

(one-dimensional) renewal equation for a drift-less random walk, for which enough theory is known to solve it.

6.1. The Renewal Equation. In this subsection we present the Markov renewal equation for D(u,t) and show
how, using Lemma 3.4, it can be replaced by a one-dimensional renewal equation.

Lemma 6.1. Assume (A1)—(A2) and (A4). Then the following renewal equation holds

(6.2) D(u,t) = EXD(Uy,t + S1) — G(u, t),
where
pat N N
(6.3) G(u,t) = Ho‘(u)E <H (e ' T u) + Z (1— (e ' u)) — 1) .
i=1 i=1
Source: Lemma 9.6 in [28], note there the different notation V3 = —5j. O

Lemma 6.2. Assume (A1)—(A2) and (A4).Then
(1) G(u,t) >0 for all (u,t) € S> x R.
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(2) For allu €S>, t — e *'G(u,t) is decreasing.

Source: Lemma 9.7 in [28], being a straightforward generalization of [18, Lemma 2.4]. O

From now on, assume that the assumptions of the Regeneration Lemma, Lemma 3.4 are satisfied, i.e. there is a
sequence of stopping times (o, )nen and a probability measure n on S> x R such that in particular (3.4) holds.
For any nonnegative measurable function ' on S> x R we define F': R — R by

(6.4) F(t) = ES F(Ug,—1,t+ So,—1).

Moreover, under each Py, let (V;,)nen be a zero-delayed random walk with increment distribution P{(Ss, -1 € -),
independent of all other occurring random variables. Note that V,, is a drift-less random walk.

Lemma 6.3. For any nonnegative measurable function F on S> X R and k > 0, the following equation holds
Eff [F(ng+1*178‘7k+1*1)] :E,?;F(Vk>

Proof. We prove by induction. By the definition of a , the equation holds for k£ = 0. Suppose now that it holds for
some k > 0. Then

E?; (F(U0k+2—1750k+2—1)) = E?; (E;l] |:F(U(7k+2_1750'1_1 + (SUk+2—1 - 501—1))|]:<71—1:|)
— 55 (25| F(O0, oSmoa+ 800, 0| ) = B3 (B[P +100]) =5 (FOR)).

where (3.4) from Lemma 3.4 is used in the second equality and we denote by (U, S!), Vi an independent copy of
(Un, Sn), Vi with corresponding expectation Ef;/. 0

Now we can formulate the univariate renewal equation, corresponding to Eq. (6.2).

Lemma 6.4. For g(t) = E? (Z‘;f GUi,t+ V1 + S’J) we have

(6.5) D(t) = E2D(t + V1) — g(t).
Proof. Let
n—1
M, = DUy, t+Sn) = Y _ G(Ui,t + Sy).
=0

Since (U, Sy) is a Markov chain, the Markov renewal equation (6.2) implies that M, is a P%-martingale (with
respect to the filtration G,,) for each u € supp v%. Since 7 = o1 — 1 is a stopping time by (3.4), the optional stopping
theorem implies that

(7'1—2

(66) D(u,t + S) = E((lu)s) <D(U011, t+ Sglfl) — Z G(Ui,t + SJ)
1=0

and

0’272
(6.7) D(u,t+s) = E((lu)s) <D(U02_1, t+ Sp,—1) — Z GU;, t+ SZ)> .
=0
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Equating the right hand sides of (6.6) and (6.7) and integrating with respect to 7, we obtain

(7'2—2
D(t) e Ef; (D(Uglfl, t+ Sglfl)) = Ef; <D(Ug21,t + Sg271) — Z G(Ul, t+ SZ)>

’L‘:Ulfl

0'1—2
=E2D(t+ V1) —E <Z GU, t+W; +S1-)> :

i=0
]

6.2. Solving the Renewal Equation. In this subsection, we will show that lim;_, o, D(ug,t)/t = 1. Before we can
use the renewal equation, we first have to consider some technicalities, e.g. direct Riemann integrability of g. We
start by considering moments of V7.

Lemma 6.5. Assume additionally (A6)-(AT). Then there exists § > 0 such that E%eél\/ﬂ < 00.

Proof. We proof the boundedness of E;’,‘e_‘wl and Ef;e‘wl separately, starting with the first one.
Property (R4) implies that there exists o such that sup,, E¢ (660(0_1)) < 00.
Due to Assumption (A7), there is € > 0 such that m(a +¢) < €%. Observe that there is C. < oo such that

e~e5n - H%(w) Hete(U,) e =5
m(a+e)n = THote(u) HY(U,) m(a+e)n’

and the right hand side is a martingale under P$ with expectation C. due to Proposition 2.3. Therefore, the optional
stopping theorem and the Fatou lemma imply

67555—1 6755(0‘71)/\71 C
E¢( ———— ) < lim E¢ < (..
v (m(a + 5)‘71) = e U (m(a ¥ 5)(0’—1)/\11) = e

The choice of ¢ gives us sup,, ES (m(a + 5)"_1) < 00, hence by the Cauchy-Schwartz inequality,
(ES (e 25-1))? <EY (e =% /m(a+¢)7 1) ES (m(a+e)7 ")

is bounded uniformly in u. Choose 6 = min{dp,z/2}.
For the second part recall that assumption (A6) implies that the increments of S,, are bounded from above by
— log c¢. Therefore,

supE7 (665(,,1) <supEy ((1/6)50(‘7_1)) < 0.
u u
Integrating with respect to 7 finishes the proof. (]

Before proving that g(t) is dRi, we need the following consequence of the slow variation of D(ug,t) (for t — o).

Lemma 6.6. Let d*(t) = sup,cs. D(t,u). Then for all 0 < € < a, there is C > 0, such that for t > 0 and any s

(6.8) d*(s) < Ce®?,
(6.9) % < Celd,

Proof. Since the ratio D(t,u)/L(e”") is bounded it suffice to show the above inequalities with L(e™") instead of
d*(t). Potter’s theorem [12, Theorem 1.5.6], applied to the slowly varying function L proves that

L(e ™)

< Oufle-l
L(e—v) — Ce ’

(6.10)
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for any positive z,y. Using also the trivial bound L(e™*) < Ce®* we get (6.8). In order to show (6.9) we use (6.10)
in the case when t + s > 0. When t + s < 0 we have
Le™'™*) _ L(e”"™°) L(1)

_ < a(t+s) et < s|s\.
L L Len-cc =

O

Lemma 6.7. Assume in addition (A6) and (AT7). Then the function g(x) is nonnegative and directly Riemann
integrable.

Proof. Referring to Lemma 6.2, G is nonnegative and ¢ — e~*'G(t) is decreasing, hence the same holds for g. For
such functions, a sufficient condition for direct Riemann integrability is that g € L (R), see [20, Lemma 9.1]. Since
moreover, by Lemma 3.4, Eo; < oo, it suffices to show the integrability of g* : t = sup, 5. G(u,1).

Set h(z) := e " 4 a — 1. Since h is positive for > 0, we have ¢(e‘tTTu) < e(1=¢(e”"T{ W) Therefore
“(tydt = [ su (e"Tfu)+ > (1—o(e T u)) —1]dt
[or o = [ s e (m Z Tw)
N T N
< C'/ sup e™'E <eZi1(1¢(e'Ti w) 4 Z (1—¢(e'Tw)) — 1) dt

U’GSZ i=1

N
— c/ s;lsp R < (Z(l - ¢(e—tTju))>> dt.

i=1

Using Lemma 6.6, boundedness of H and fact that h(x) is increasing, comparable with min(z, 2%) on the positive
half line, the later can be bounded by

N N
/ sup e*'E (h <Z e(EO‘)tHTjuHO‘E)) dt < CE (/ e®'h <e(5°‘)t Z |Tz‘|a€> dt)
uGSz i=1 1=1

N e
< CE (Z ||Ti||a_€> /eﬁsh (e7®)ds | < oo,
i=1

by (2.3),

Now we show that the identification of D indeeds identifies L(r) = D(uq, —logr).

Lemma 6.8. Assume that (A1)-(A7) then limy_oo D(t)/D(uo,t) = 1. In particular, D(t + s)/D(t) converge to 1
as t goes to infinity.

Proof. Recalling the definition of h; from Section 4, we have that

~ o D(UO' —17t+SO' —1) o
D)/l t) = 5 (P 50} s (01,5000

Using Lemma 4.5, lim;_,, hy = 1. Lemmata 6.5 and 6.6 allow us to apply the dominated convergence theorem to
obtain the assertion. O

Now we can identify the slowly varying function.

Theorem 6.9. Assume that a function D, such that D(t +s)/D(t) — 1 satisfies renewal equation (6.5) with a
directly Riemann integrable function g and a nonarithmetic random variable Vi such that Ey (e‘;‘Vl') < oo for some

positive 8. Then limy_,o0 D(t)/t exists and it is positive.
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Source: The proof is almost the same as the proof of Theorem 2.18 in [18]. Note that, although in [18] the derivative
of D is used this can be easily avoided. 1

7. THE DERIVATIVE MARTINGALE

In this section, we finish the proof of Theorem 2.5, by proving the convergence of

Walu) = Y [S()+b(U(v)] H*(U(v)e )
|[v]=n
to a nontrivial limit, which constitutes the exponent of fixed points. The assertions of Theorem 2.5 are contained
in the Theorem below, except for the identification of the slowly varying function, which was given in Section 6, in
particular in Theorem 6.9.

Theorem 7.1. Under Assumptions (A1)—(A7) and (A3c) or (A3f) instead of (A3), the martingale Wy, (u) for each
u € S> has a nonnegative, nontrivial limit W(u), and (ru) := E (e’TaW(“)) is a fived point of S.

Proof. Let M (u) be the disintegration of the (up to scaling) unique fixed point of S (described in Theorem 2.4). By
Theorem 6.9, combined with Eq. (4.4) from Lemma 4.5, there is K’ € (0, 00) such that
1= ()

lim su — 1/ = 0.
"0 ed | P H (u) K [log(r)]

Then by (1) from Proposition 5.2,
1= (e U (v))

li K'S"(v)H* (U (v))e 5" () = Z(u) P-as.
ngngo |Zn ( ( )) KISu(U)Ha(Uu(U))e—aS“('U) (u) a.s
As a continuous function on S>, u + b(u) is bounded, and by Lemma 5.1,
lim sup 5 @) tb(U (v)) — 1’ = 0.
n—oo |[v]=n S (’U)
Therefore, we can replace S*(v) by S*(v) + b(U*(v)), and obtain
lim [S“(v) + b(U"(v))] HYU"(v))e™ ") = K'Z(u) P-as.

n—00
lv|=n

This shows the P-a.s. convergence of W, (u) to W(u) := K'Z(u). Then P (W(u) > 0) = 1 by (4) of Proposition
5.2. That ¢(ru) = E (e_TQW(“)) is a fixed point follows immediately, since E (e‘T K'Z(u) ) is a fixed point for any
K'>0. O
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