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Abstract

We work on a Galton—Watson tree with random weights, in the so-called “subdiffusive” regime.
We study the rate of decay of the conductance between the root and the n-th level of the tree,
as n goes to infinity, by a mostly analytic method. It turns out the order of magnitude of the
expectation of this conductance can be less than 1/n (in contrast with the results of Addario-
Berry—Broutin—Lugosi and Chen-Hu-Lin), depending on the value of the second zero of the
characteristic function associated to the model.

We also prove the almost sure (and in LP for some p > 1) convergence of this conductance
divided by its expectation towards the limit of the additive martingale.
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1 Introduction

The strong links between electric networks and reversible random walks on graphs have
emerged during the second half of the last century and were popularized in the seminal
book [9]. The special cases of random walks on (random) trees have been thouroughly
studied during the 90’s by Lyons ([17, 18]) and Lyons, Pemantle and Peres ([21, 22]),
making good use of the electric networks theory.

More recent works on transient A-biased random walks on (Galton—Watson) trees
show that the effective conductance of the tree is key to understanding the asymptotic
behavior of the walk (see [3] for the speed and [15, 27] for the dimension of the harmonic
measure).

In this paper, we deal with a null-recurrent model of random walk on a Galton-Watson
random weighted tree in a regime called “subdiffusive” (see below for definitions). The
effective conductance of the whole tree is zero by recurrence of the walk and we are
interested in the rate of decay of the conductance between the root of the tree and the
vertices at height n, as n goes to infinity. This gives the order of magnitude of the
probability that the walk hits level n before returning to the root (see below for details).
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Figure 1: On the left, a rooted tree of height n with an artificial parent of the root and
equipped with conductances. The potential is U at height n and 0 at the root.
On the right, the equivalent reduced electrical network.

1.1 Conductance of a tree

We first briefly recall some notions of electric networks in the case where the network is
a locally finite tree ¢, rooted at some vertex ¢. For more detailed and general statements
about this theory, see [9] or [23]. For any vertex x of ¢, associate to the edge between z
and its parent x, a conductance c(z) € (0,00), or alternatively a resistance r(z) equal to
the inverse of the conductance. For convenience, we add an artificial parent of the root,
denoted by @, and let c(g) = 1 (this is to make the root “less special”).

Now we fix some positive integer n and assume that the height of ¢ is at least n. We
impose a certain fixed electric potential U at the vertices at height n in ¢, while the
potential at the root is 0. As another point of view, we may connect the vertices at
height n to a new vertex 0y, the new edges having infinite conductance (zero resistance),
and impose v(9y,) = U. This defines an electric potential v on the vertices of ¢ between
¢ and the n-th level of t. To be more formal, we need some notations. For a vertex x



of t, let us denote by |z| its height, by v, its number of children, by z1, 22, ..., z,,_ its
children and by 7(x) the sum of the conductances of the edges that are incident to z.
The potential v defined on the n first levels of the tree satisfies:

0 if x = g;
v(z)=qU if || = n;
ﬁ(c(m)v(x*) + 35 c(zi)v(xg)) if1< |zl <n—1.

The last case in the previous equality is called harmonicity of v at x. Such a potential
is well-known to exist and to be unique. For x in ¢, the electric current i(z) flowing in
the edge between x and its parent x, is defined by Ohm’s law as

i(w) = (@) (v(a) — v()).
(The harmonicity condition is the same as Kirchhoff’s current law.) Now let

Yy
=3 i(j)

j=1
be the total current entering the tree. It is clear that the function U + I is linear. The
constant ratio I/U is called the effective conductance of t between ¢ and its n-th level
and is denoted by %,(t). See Figure 1 for a summary of this discussion.

The effective conductance has a pleasant and useful interpretation in terms of random

walks on the vertices of t. We associate to the conductances of the edges a probability
kernel P on t in the following way:

~ c(xi) . , c(x)
P(x,zi) = @) ifl1<i<y, and P(z,z.) = .
For x in t, we write P, for a probability measure under which the random sequence
(Xk)k>0 is a random walk starting from x with probability kernel P and consider the
stopping times

7, =inf{s > 0: X, =2}, 7

xT

—inf{s>1:X, =2} and 7" =inf{s>0:|X,| =n}.
Then, by the Markov property, the function
v(z) = PI(T(”) < Ty)

is the electric potential when the vertices at height n have potential 1 and the root has
potential 0. As a consequence, by definition of the current ¢ and, again, the Markov

property,

Vg

Gult) = 1= c()P;(r™ < ) = 1(0)Py(r™ < 7).
j=1

The conductance € (t) of the whole tree, equal to the limit of the non-increasing sequence
(€,.(t))n>0, is then positive if and only if the associated random walk is transient.



A typical choice for the conductances is c(z) = A1*l, for some fixed A > 0. It
corresponds to the A-biased random walk on the vertices of ¢, introduced in [17]. In
words, the walker jumps with weight A to the parent of its current position, and with
weight 1 to one of its children. If ¢ is the tree in which every vertex has d > 2 children,
this random walk is transient if and only if A < d, and the special recurrent case A\ = d
may be seen as critical.

In [1], this infinite d-ary tree is considered with the set of conductances c(x) = d-l*x,,
where the positive random variables (X;)zes are i.i.d, which corresponds in some way to
a (still recurrent) perturbation around this critical regime. The authors prove that the
expectation E[%),(t)] is of order 1/n as n goes to infinity'. This result has been recently
extended in [7] to the case of an infinite, random Galton-Watson trees.

In this work, we investigate the rate of decay of the sequence of random variables (%},)
in another “critical” setting known as the subdiffusive ([13]) regime for Galton-Watson
trees with random weights.

1.2 Subdiffusive random weighted trees

What we call an (edge-)weighted tree is a (rooted, planar) tree ¢t together with a weight
function A" : t\ {8} — (0,00). For a vertex x # ¢ in ¢, A’(z) represents the weight of
the edge connecting = to its parent.

We naturally associate to this weighted tree the following probability kernel: for z in
t7

B Al (i) 1
1+ 37, Al(z)) 1+ Y0 Al(zj)’

that is, if a random walker is at vertex z, it may jump to the i-th child of x with weight
Al(xi) and to the parent of z with weight 1 (if the weights are all constant equal to A1,
we recover the A-biased random walk on ¢). Recall that we also add a vertex g, to serve
as an artificial parent to the root (and the walk is reflected at o.).

This random walk is easily seen to correspond to the conductance c! defined by

veet, )= [ Alw),

p<y=x

P!(z, xi) if1<i<v, and P'(z,z,)=

where the product above is indexed by the ancestors of z (including =) which are distinct
from g.

To define a Galton- Watson tree with random weights consider a random sequence of
positive real numbers

A =(AQ1),..., A(v)),

whose length v € {0,1,2,...} may also be random. Define the free monoid

U=||NF
E>0

! Actually their result is much more precise, but this suffices for the purpose of this introduction.



of all the finite words on the alphabet N = {1,2,...}, with the convention that N°
contains only the empty word ¢. Now consider the family (A;),cy of ii.d. random
sequences indexed by U, whose common distribution is the law of A. We build a random
weighted tree T' in the following way: the root ¢ of T has v, children labelled 1, 2, ...,
Vg, where v, is the length of the random sequence

Ay = (Ap(1), ..., Ap(vy))

and, for 1 < i < v,, the weight AT (i) of the edge between ¢ and its child i is A, (7).
Then, proceed in the same way for the children 1, 2, ..., v4 of the root, in order to pick

their numbers of children v, vs, ..., v, and the weights of the corresponding edges :

AT(11) = A1(1),...,AT(11y) = A1 (1), AT(21) = As(1),. .., AT (210) = As(1a), . . .,

and so on, so that the weight of the edge between a vertex zi in T and its parent
x is AT(zi) = A,(i). Notice that T, without its weights, is a Galton-Watson tree
whose reproduction law is the distribution of v. For this reason we denote by GW the
distribution of 7', seen as a random variable in the space of weighted trees.

This very rich family of random walk in a random environment was introduced in
[20] and generalized in [10]. The random walk of probability kernel P! may be transient
or recurrent, for GW-almost every weighted tree ¢, depending on whether the convex
characteristic function

P(s) = logEzV:A(i)s, Vs € R,

=1

stays positive on the interval [0, 1].? Since [20], this model has attracted a lot of attention.
For the transient case, see for instance [2] or [26]. The recurrent case in general is
studied in [11] or [6], among many others. The recent article [5] focusses on the slow
null-recurrent regime.

With a slight abuse of terminology (see below), we call “subdiffusive” this model (and
by extension the random tree we work on) when the following hypotheses are satisfied:

P(1) = logEzy: A(i) =0 and (Hnorm)
i=1
P'(1) =E [ZV: A(i) log A(z)] € [—00,0). (H gerivative)
i=1

To state our main result about the conductance in this case, we need to introduce
the additive martingale, also called Mandelbrot’s multiplicative cascade, or Biggins’
martingale, (M, (T))n>0, defined by

My(T)= > [[ A" = > (@)

|z|=n g<y=z |z|=n

2For a necessary and sufficient condition, additional integrability conditions are needed, see [10].
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Figure 2: Schematic behavior of ¢ under our hypotheses

It is easily seen to be a martingale with respect to the filtration (F,),>1 defined by
Fn=0{A;:|z] <n-—1}.

By Biggins’ theorem (see also [14, 19]) it converges almost surely and in L' to a random
variable My, (T") which is positive on the event of non-extinction, provided we also assume
the following integrability hypothesis:

E[(i A(z’)) log™ (i A(z’))] < 0. (Hx10g x)
i=1 i=1

The non-degeneracy of My (1) also allows to prove that, under our assumptions, the
random walk on T is almost surely null-recurrent (we provide a short proof of this
well-known fact in the appendix for completeness).

Now, we may expect results similar to [1, 7]. This is not exactly true: there will be
different behaviors depending on the value of

k=inf{s > 1:9(s) =0} € (1, 0].

Our work uses the tail probabilities and some moments of the random variable M (7'),
which depend on the value of .

For two positive functions f and g defined on a neighborhood of +o0, we write f(z) <
g(z) as x goes to infinity, when, for some constants ¢ and C in (0, 00), for x large enough,

cg(z) < f(z) < Cg(=).

Under the following integrability hypothesis:

E[(Z A(i))”} + E[Z A logt A(i)] < o0, if1<k<2,
=1 , =1 , (Hn)

E{(ZA(@)) } < oo, ifke€(2,00],
=1

we owe to [16, Theorem 2.1, Theorem 2.2] the following fact:



Fact 1. If (Hporm), (Hderivative) and (H,) are satisfied, then the random variable My
has finite moments of order p for all p in [1,k) if K <2 and for all p in [1,2] if K > 2.
If k < 2, the asymptotic tail probability of M, satisfies

P(Ms > 8) Xs00 S ™. (1)

In the previous statement, as in the rest of this work, we feel free to omit 7" as an
argument or as a superscript and write %, for 6,,(T), A for AT, v for v7, ... when there
is no risk of confusion.

Throughout this work, we will assume that (Huomm), (Hderivative) and (H,) (which
supersedes (H x1og x)) hold. These assumptions are summed up in Figure 2.

One of the most striking result about this regime is given (under some additional
assumptions) in [13]: for GW-almost every infinite ¢, P-almost surely,

. log maxoggn ’Xl| 1
lim =1-

n=sco logn kA2’

hence the name “subdiffusive” in the case k < 2, that we improperly (but conveniently)
extend to this whole “fast, null-recurrent” case. A central limit theorem may be found in
[10]. More recently, Aidékon and de Raphélis ([4, 8]) have proved the joint convergence
of the renormalized height of the walk together with its trace towards a continuous-time
process and the real forest coded by this process.

Regarding the conductance, our main result is the following;:

Theorem 2. Under the hypotheses (Hyporm), (Hderivative) and (H,), asn goes to infinity,

1 .
E[%,] < if k=2 and
nlogn
1-E[XY, A®i)?
B¢, ~ — = L ACT

2 . .
nE[MZ] nk {2197&]‘9 A(Z)A(J)}
and, in any case, almost surely,
lim 6,/E[¢,] = M.
n—0o0

Moreover, the above convergence also holds in LP for p € [1,k) if 1 < k <2 and in L?
if Kk > 2.

Our method is almost entirely analytic and inspired by [12].

Remark 1. One could expect that in the “non-lattice case” (see [16, p.270]) we may
also obtain asymptotic equivalences of E[%,], for k € (1,2]. Unfortunately, our method
was not powerful enough to obtain a more precise result: our lower bound of the tail
probabilities of 6,,/E[%,] (see Lemma 13) is not sharp enough.

Acknowledgements: This work was part of the author’s PhD thesis. The author
would like to warmly thank Yueyun Hu, one of his supervisors, for introducing him to
this problem and for constant guidance.



2 Algebraic identities and lower bound

In order to use the branching property, we introduce for any weighted tree t, for any
vertex x of t, the reindexed subtree of t starting from x:

tlr] = {y eU:zy €t} with weights given by A (y) = Al(zy), Vy e t[z].
We denote, for any weighted tree t and n > 0,
Bu(t) = PL(r™ < 7,.),

which is the conductance between ¢, and the n-th level of ¢.
Now, by the Markov property (or by the law of conductances in parallel), for any
n>1,

Z A Bn 1 (2)

while by the law of resistances in series,

_ Gt
Bu®) = 1+ %,(t) ®)
Combining these identities gives, for all n > 2,
EL iy Gana (1)
Co(t) =) Al(l)— = 4
0= N0 (1)

By the branching property, and the hypothesis (H,omm) we already obtain the recursive

equation:
= . an—l an—l
=E A | E|l——— | = E|——|.
{; (1)} [1 - ‘ﬁn—J [1 + an—l} (5)
From now on, we let, for n > 1,
u, = E[%,] and a, =1/u,.

Moreover, for any random variable £ such that E[¢] exists in (0,00), we define the
renormalized random variable (§) by (§) = £/E[¢].
Going back to (5), we obtain

6, €2 Gn1)?
[ e R e ] R R P

Introducing, for @ > 0 the (convex) function ¢, : x — 2%/(a + ), the previous equality
becomes
Un—1 — Un = Up—1E[qa, ,(€n-1)], (6)
which is key in the rest of this work.
The rough idea here, is that we expect (%,,) to be “close” to M, so that, as n is large,

E[(ban—l <an—1>] ~ E[(ban—l (MOO)} :

Indeed, at least one of the inequalities is correct in this heuristics:



Lemma 3. Let ¢ : Ry — (0,00) be any convezx, continuously differentiable function,
reqularly varying at infinity. Then, for any n > 1,

E[¢(¢n)] < E[¢(My))].

Moreover, whenever for all x > 0, ¢(x) < CaP, for some constant C > 0, for p € (1,k)
if k <2, and for p=2 if Kk > 2, one has

E[¢(€n)] < E[¢(My)] < E[¢p(Moo)]-
The proof of this lemma uses the following fact:

Fact 4. Let £ be a non-negative random variable such that E[¢] is in (0,00). Let ¢ :
R+ — Ry be a continuously differentiable, reqularly varying at infinity, convex function.

Then,
E[¢<1ﬁ§>} < E[(6)] (7)

This fact itself is already stated in [12, Proof of Lemma 3.1] and is mostly a conse-
quence of [13, Formula 3.3]. However, since the statement of this formula is rather long,
we give a more direct but less general proof in the appendix (as will be clear in the proof,
the assumption that ¢ is regularly varying at infinity can be weakened).

Proof of Lemma 3. We prove by induction that, for any n > 1, for any ¢ as in the first
statement of the lemma,

E[¢(%n)] < E[¢(Mp)].
Notice that €1 (T) = M1 (T') and for n > 1, by (5) and (4), observe that

Yy . %H(T[Z])
() = 2 A\
(1) = LA g )

k

Y

By independence, it suffices to show that, for any k£ > 0, for any (a1, ag, ..., ax) € (0, 00)

k ©(Ti u .
E[qs(zai(HC;n([T]fiDm < B[o(3_ada(711)]

i=1
Assume the result is true for £ > 0. Then,
: Gu(Ti]) Gu(T[k + 1))
EMZZI ai{ 1+ %(T[z’})> + 1+ %,(Tk + 1)) )]

Cn(T[k + 1))
gk )

=E[¢(B + ar

where B is the sum in the first expectation and is independent of the last term. Reasoning
conditionally with respect to B, we may use the previous fact with the function x —
¢(ak11z + B) to obtain that this expectation is bounded from above by

E[¢(B + a (Gu(Tlk + 1)))] < Bo(B + ap My (T[k + 1))



where for the last inequality, we used the induction hypothesis on n. Now reason condi-
tionnally on M, (T'[k + 1]) to use the induction hypothesis on k.

For the last assertion, it suffices to see that (M,,) is bounded in L if 1 < p < 2 for
x < 2 and bounded in L? for x > 2, which is certainly well-known. For a quick proof,
let n > 1 and p as above (p = 2 if k > 2). Reason conditionally with respect to F; and
use an inequality due to Neveu (stated later in this paper as (17)):

p

EMZ,, | 7] < 3O AGPEDME] + (3 ADEDL)
=1 =1

As a consequence,

E[M; ] < "WEM]] + E [(i A@)']
i=1

Since 1 (p) < 0 and E[(X7_; A(7))"] < co by assumption, this is easily seen to imply
that sup,,~; E[M}] < occ. O

Now we see that we need to study the asymptotics of a — E[¢,(Ms)] as a goes to
infinity. For later use, consider in general, for p > 0 and a > 0,

eo(o) = B[ (=)’ )

Using the tail probability estimate in Fact 1, for 1 < x < 2, or the integrability of M2,
for k > 2, one obtains:

Lemma 5. As a goes to infinity,

= aP™" ifr/2<p<k<2

=< aP " loga ifp=k/2;

< CaP2 for some constant C >0, if k >2 and 1 < p < 2;
~E[MZ]/a ifrk>2andp=2.

‘P’p(a) (9)

p
Proof. Write Py for the distribution of M. Differentiate the function z — ( z ) ,

a+x
to obtain ) )
©, 18 xt+2ax ;s x p—1
= dz |P ds).
#p(a) /0 (/0 p(a—i—x)2 (a—l—x) x) My (d5)
Using Tonelli’s theorem together with the change of variable y = z/a yields

_ 9] y2p—n—1(y + 2)
— paP~F LA A Nl
(pp(a) pa /0 (1 + y)erl

Let f(y) be the integrand in the last equation.

Now assume that 1 < k < 2 and write £ (respectively /) for the inferior (respectively
superior) limit of s"P (M > s), as s goes to infinity. Consider ¢ > 0 so small that
{—¢e>0. Let N >0 be so large that

(ay)"P(Mu > ay) dy. (10)

Vs > N, $"P(My > s) € (L —e,0+¢).

10



Assume that a > N. On the interval (0, N/a), dominating P(My > ay) by 1 yields

24y

< K 2p—1

so that in any case,

N/a 2+y
p—kK < 2p -P
b /0 flu)dy < [pN 02421 (1 +y)P+1]a ’

which will be negligible. On the other hand, if y is in the interval [N/a, o), then

_ 2p—k—1 +9
o) < @40 (11)

and similarly for the lower bound. Those bounds are integrable on (0, c0) if p > x/2 and
in this case, we may conclude by applying the monotone convergence theorem.

Now assume that p = /2. The bound above is still integrable at the neighborhood
of oo, but not at the neighborhood of 0. As a consequence, the main contribution in the
integral comes from the term

J d € € —~a—0o0 10 a I

and the same is true for the lower bound.

Finally, assume that £ > 2 and recall that in this case, by our hypotheses, E[M2]
is finite, thus by Markov’s inequality, for all r > 0, P(My > r) < E[M2]/r%. Now, if
1 < p < 2, the rest of the computations is exactly the same as in the first point, whereas
if p =1, by dominated convergence,

M,
aapl(a):El1+M /a] —— E[M2]. 0

Going back to (6) and using the two previous lemmas, we see that, for some constant
C in (0,00) and any n > 2,

Cup_1al™% = Cut_, if 1 <k <2
Up—1 — Uy < Cun_la;il logan_1 = Cu?_;log(1/un_1) if kK =2; (12)
E[M2]u?_, if k> 2.

To obtain our lower bound, it suffices to use one part of the following elementary
analysis lemma:

Lemma 6. Let (u,) be a non-increasing sequence of positive real numbers going to 0 as
n goes to infinity. Let o« > 1 and C € (0, 00).

1 1
1. If for n large enough, uy — upy1 < Cu?, then liminf noa=Tu, > [C(a —1)] a-T.

11



2. If for n large enough, u, — upy1 > Culy, then lim sup nﬁun <[Cla— 1)]_ﬁ.
3. If for n large enough, u, — upy1 < Cu?log(1/uy), then liminf u,nlogn > C~1.
4. If for n large enough, w, — unt1 > Cu? log(1/uy,), then limsupu,nlogn < C~1.

Proof. To prove the first two assertions of the lemma, consider, for z > 0, f(z) =
2'7%/(a — 1). By the mean value theorem,

f(un-i-l) - f(un) = f/(gn)(un—}-l - un) = fq;a(un - Un+1)7

for some &, € (up+t1,uyn). The first case implies that w, ~ w41, therefore
fung1) = f(un) < Cupé,® — C,

and we may conclude by averaging this inequality.
In the second case, since &, < u,,

funt1) = flun) = Cup,* = C.

The method for the last two assertions is the same, except that we use the function g

defined by
1/x

g(w) = m,

whose derivative is 1 1
! = —-—— ]. - . D
9@) = = oa(1/7) ( log (1 /x)>

Using the first and third points of this lemma with (12) finally yields the following
lower bounds:

Proposition 7. Under the hypotheses (Hyorm), (Hderivative) and (Hy),
1. liminf, e n/VE[%,] > 0, if 1 < k < 2;
2. liminf,_,o nlognE[€,] > 0, if Kk =2 and
3. liminf, . nE[%,] > 1/E[MZ2)], if k > 2.

Remark 2. If we assume that we are in the non-lattice case these lower bounds can also
be made explicit (in terms on the distribution of M) in the cases 1 < k < 2 and k = 2.
However, since our method does not provide explicit upper bounds, we chose not to
make this additional assumption.

12



3 Upper bound and almost sure convergence

We start with an easy a priori upper bound.

Lemma 8. In any case, one has

lim sup nu,, < 1. (13)

n—oo

Proof. Let n > 2. We go back to (5) but this time, we write

o= =B ) o ()] (B ) -

This implies that
1 1 S Up,

Un Up—1  Up—1

=1 El¢a, (n-1)];

by the identity (6). Using Lemma 3 yields
1 1

Up, Unp—1

>1—p1(an-1).

Since this lower bound goes to 1 as n goes to infinity, averaging the previous inequality
and using Cesaro’s lemma yields

1
liminf — > 1,
n—00 MUy

hence the result. O

To obtain more refined bounds, we first iterate (4). Using repeatedly the identity,

2
x x
=z — =x— , Vo >0,
T2 - %135 ° o1(x) T

we obtain that, for any n > k,

Gu(T) = Y c(@)Cur(Tla]) = Y c(@)dr(€n1(T[2])),

|z|=1 |z|=1
=Y c(@)Ci(Tlz]) = Y c(2)$1(G s (T[2))).
=k j2|<k

Dividing by w, = E[%),], and using the equality
02

1(Cm o) (T'[x])) = Up— (g (O ) + (G (T]])))

= ¢an,m <C€n—|z\ (T[:C]»,

we finally obtain

(Gu(T) = =5 3 ()G n(Tlal)) — D o (Gl TTa])- (1)

u
" |z|=k "<k

13



On the other hand, by definition of M,

MAT) = 3 ()M i(Tla]),
|z|=Fk

therefore, for any n > k,

where

and for j < n,

Yju(T) = Y c(@)da,_,{nj(Tlz])).

|lz|=J

(15)

Our next step is, for p € (1,5 A 2), to estimate the LP norms of X}, , and Y}, in order
to prove the convergence in LP of (%,) towards Ms,. remark that, by the branching
property, conditionally on Fj, X}, is a sum of independent, centered variables while
conditionally on Fj, Y}, is a sum of independent, non-negative random variables. We

may therefore use the following upper bounds:

Fact 9. Let p be a real number in [1,2] and assume that &1,...,& are independent

real-valued random variables such that for all 1 < i <k, E[|§|"] < co.

1. If &, ..., & are non-negative, then

k k »
E[(& + -+ &) < Y B[] + (Z E§i> |

=1

2. If &, ..., & are centered, then

k
Ellé1 + -+ &[P] < 2) E[|&[P).
=1

(18)

The first inequality is due to Neveu ([24]) while the second is borrowed from von Bahr

and Esseen ([28], see also [25, p. 83]).
Lemma 10. Let p be in (1,k A 2). Let 1 < k < n, then, in any case,

Xkl < 257 M| 0@/,
1Yially < "0 Py (ang) 77 + | Mol o1 (an-)-

14



Proof. For X}, ,,, we apply, conditionally on Fj, the inequality (18), to obtain

E[| Xyl | Fi]l <2 ) c(@)PE[[(G0k) — Muol’]. (21)
lz|=k

Now recall that, by convexity and Lemma 3, E[(%,)?] < E[MZL], therefore,
E(|(€u-r) — Mool)” < 227N (B[(€,p)"] + B[ML]) < 2’E[ME].
On the over hand,

Taking the expectation on both sides of (21) yields
E[|IXF,[] < 27+l PB[ME],

hence our inequality.
For Y} ,,, we use the inequality (17) conditionally on Fj:

E[Y], | 5] < Y c@)E[(¢a, )]+ (X c(@)Eba, (%))

|z|=j |z|=j

p

Therefore, using twice Lemma 3,
E[Y;,*] < e Poy(an—j) + p1(an—j)PEIME],
which implies our inequality. O
We now want to let k = k,, in (16) but first we need to know when a,_x, ~ ay.

Lemma 11. Let (ky)n>1 be a sequence of non-negative integers. If lim, o0 kp/n =0,
then ap_p, ~ an.

Proof. Recall that, by (6) and 3, for any n > 2,

U B, (Cp1) >1— p1(an_).

1>

Up—1
Iterating this inequality yields, for any large enough n,
2 (]' - 901 (an—kn))

Un

Un—k,

1> kn

On the other hand, combining the lower bounds for (u,) (Proposition 7) with (9) shows
that, in any case, we may find C' € (0,00) such that for all n > 1,

Plugging this into the previous inequality gives
C
I >a- =) 1. 0

unfkn - n— Kp n—o0

15



Lemma 12. For any p in (1,k A\ 2), the sequence ((6,)) converges towards Mo, in LP.

Proof. Recall that ¢ (p) < 0. Although it is not needed for this proof we let, for later
use, k, = [(—=2/¢(p))logay], for n > 1, so that, for some constant C; > 0, for any
n>1,

|1 X5, mll,, < Cray /.

It is clear from Proposition 7 that (k) satisfies the assumption of the previous lemma.
Moreover,

e¥(@)/p T
7 rlan k)7 + [ Mool o (an-,)

ZIIY,

p —1-
< Ca(pp(an—i,)"? + knr(an—s,)),

for some constant Co > 0. Now, using (9), we see that, for some constants Cs, C%, Cy
and C} in (0,00), in any case, for any n > 1,

kn1(@n-r,) < Cslog(an—r,)?a, 0% < Cilog(an)®ay "

n—kn n

and  gp(an_, ) < Cual? NP < Clal o2/,

Since —2/p < —1<1—-kA2<1—(kA2)/p <0, there exists C' > 0 such that, for any

n>1,
kn

b+ D WYy nll, < Cagm5A2/P, (22)
j=1

||an7n

To conclude this proof, it remains to see that, by (16) and Minkowski’s inequality,

il

a
60— Mocll, < (7 = 1) | Moo, + —"—[| X, +

TL*kn n*kn "7' j 1

By our choice of (k;,) and the preceding lemma, this upper bound is asymptotically
equivalent to || Xy, nll, + Z;?;HY-JL p» which goes to 0 as n goes to infinity. O

From there, the almost sure convergence of ((%,)) towards My, can be classically
obtained by accelerating this LP convergence and using a monotony argument.

Proof of the almost sure convergence in Theorem 2. Using (22), together with the a pri-
ori bound (13), shows the existence of C' > 0 and C’ > 0 such that for any n > 1,

E[|(%,) - Mal?] < C'a /2 < —©

— nn/\Q—p'

Letting o = [2/(k A2 — p)], we obtain that

Z E[’<an“> - Moo,p] < o9,

n>1

16



hence, by Borel-Cantelli’s lemma, ((6,«)) converges almost surely to My..
Now, let, for n > 1, r, = [n'/®]. Then, for all n > 1,

(rn, —1)* <n <rg,
and by the fact that the sequence (%) is non-increasing,
Cra < Cn < Clrp—1)a-

This implies that
Uy U(r,—1)
<(€r“> < <<gn> < 7<(g(rnfl)a>'

Urp—1)e " Urg,
Now, write (r, —1)* = r% — s,. Since s,/ry — 0, we may use Lemma 11 to see that
’LLT%

s Y
u(’f'n—l)a n—0o0

which concludes this part of the proof. O
We may now conclude in the case k > 2.

End of the proof of Theorem 2 in the case k > 2. We already know that, for all n > 1,
by Lemma 3, E[(%,)%] < E[M2]. Now, by the almost-sure convergence of (%) to My
and Fatou’s lemma, E[M2] < lim inf E[¢?2], thus E[(€,)%] — E[M2].

Finally, by dominated convergence,

o
E an<+ %2)0] ~ u,B[MZ),

and by the identity (6) and Lemma 6,

1

T BMZ]

To obtain the last equality, proceed in the following way:

E[M2] = B[S AGOM(Ti)?) +E[ 3 AW@AG) M (T M (T1)]
i=1 1<i#j<uv,

- E[i AGPIE[MZ]+E[ > AWG)A>)],

1<ij<v

by the branching property. Finally notice that in the case x > 2, E[>7; A(9)?] =
@ <1. O

To handle the case 1 < k < 2, we need a uniform lower bound on the tail probability
of (6,).

17



Lemma 13. If k € (1,2], we may find 6o > 0 and ¢y > 0 such that
P((%,) >1) > cor™ ", Vr € [1,00an], Vn > 1.

Proof. Let 6 > 0 and r > 1. Let (k,,) be as in the proof of Lemma 12. By the union
bound and the equality (16),

kn
Ay
P(G,) > 1) > P(%ﬂ% > 1) > P(Ma > 2) = P(|Xp 0 + 375 > 7)
By Markov’s inequality and then the inequality (22),
fn Fon v
P (X, nl + 2% > 1) <772 (1 Xewall, + [ 203 )
j=1 j=1
S Claﬁ_n’r—pa
for some constant C; € (0, 00).
On the other hand, by Fact 1,
inf r"P(My > 2r) =1 Cy > 0.
r>1
This implies that, for all r in [1, da,],
r"P((€,) > 1) > Cy — C1r" Pal™ > Cy — C10"7P,
which is positive as soon as d is small enough. O

End of the proof of Theorem 2 : upper bounds. Here, we assume that 1 < xk < 2. Recall
that, for any n > 2,
<(€n—1>2 1

Up—1 — Up = Up_1E|————F—1.
n—1 n n—1 an+<<gn_1>

By computations similar to those of Lemma 5,

E[ <<gn—1>2 } > ¢ /50(1"1 2%+ 2ap 17
_d 1

“Fda.
an + {6y (ap—1 +x)? v

Thus the change of variable y = x/a,—1 leads to

<<5n71>2 1- /60 1-x YT+ 2
El— 1 _|> N o
{an + <‘€n71>} R Y N (7 el

This integral converges in the case x < 2 while in the case K = 2, it becomes larger than
log a1 for n large enough . Hence, there exists C' > 0 such that, for n > 2,

1-k .
Up—1Q,_] = U ifl<k<2
un—1—un20{ o r_LII el 2 .
Up—10, 1 logan—1 = ui_;log(l/up—1) if k=2,

and we may conclude by Lemma 6. O
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Appendix : proofs omitted from the main text

Fact 14 (Null recurrence). If (Hyorm) holds, then for GW-almost every tree t, the
random walk on t of probability kernel Pt is recurrent. If, additionnally, (H gerivative)
and (Hx1og x) hold, then, for GW-almost every infinite tree t, the random walk on t of
probability kernel Pt is null-recurrent.

Proof. For a weighted tree ¢, let 3(t) = P (7,, = 00) and ¢(t) = Py(7,” = 00)/PL (0, 0.).
These are the conductances between, respectively, ¢, and infinity, and ¢ and infinity. By
the Markov property,

Cﬁ(t) vVt (@)

B(t) = THew and €(t) = ; A (i) B(t[i]).

Now if T is a weighted Galton-Watson tree and E[>"7_; A(i)] = 1, taking the expectation
in the previous identities leads to

Bl (1)) = B[3(T)] = B[],

1+%(T)
which implies that, almost surely, € (T') = 0, so the random walk is recurrent.
To prove that it is null-recurrent, consider, for any recurrent weighted tree t, a(t) =

EL[75,]. We want to show that, almost surely on the event of non-extinction, a(T) = cc.
The function « satisfies, by the Markov property,

t
Vg

a(t) = Ph(s,0.) + > Ph(s,9)(1 + a(t[i]) + a(t)).
=1

Thus we see that, if «(t) is finite, so are the «(t[z]) for = in t. In this case, one has

Vo Vo
alt) =1+ > AE) + > Al@) (i),
i=1 i=1
and iterating the previous identity,

alt) =142 Zn: M (t) + Z ct(z)a(t[z]) > Zn: My(t), foralln>1.
k=1

k=1 |z|=n

This shows that -
P(a(T) < 00) < P My(T) < ),
k=1
but our assumptions and Biggins’ theorem imply that, almost surely on the event of
non-extinction, M, (T) = M (T) > 0, thus P(a(T") < oo) is the probability that T is
finite. O
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Finally, we recall and prove Fact 4.

Fact. Let € be a non-negative random variable such that E[€] is in (0,00). Let ¢ : Ry —
R4 be a continuously differentiable, reqularly varying at infinity, convex function. Then,

E[¢<1‘j£>} < E[p€)].

Proof. We may assume that E[¢(£)] is finite, otherwise there is nothing to prove. For
x €]0,1] and y > 0, define

ro =B 0w =Bl men =1L eten = o(MD),

Notice that

Yy 1 Oh
LA ) <m - = - _
T, ShMey) < in(y, m) 5 & ¥) = ~h(z,y),
(

so in particular g is differentiable on (0, 1). This also implies that

h(z,y) < 3
g(x) ~ E[/(1+9)]

= gga o

By convexity of ¢,

p(x,8) < 6(0) + ¢(<€> x E[g/%ig)])'

Since ¢ is regularly varying at infinity, this upper bound is integrable and f is continuous
on [0,1]. Elementary calculus shows that

S0, = -t (M) (Blble (o, €) ~ e, BN, 1)
= e (S5 ){Ex, - x2Ex)),
with X, = h(z,£). In particular,

0 2 1
G @‘ < e’ ()

so f is differentiable on (0,1). The very nice trick of [13] is to consider an independent
copy X, and remark that, by symmetry,

8 1 X, X, - -
1 ~ X
because, ¢’ being increasing, the two differences in the expectation have opposite signs.
Finally, by continuity of f, we obtain f(1) < f(0). O
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