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Abstract

An exponential recursive ternary trees (ERTTs) have the property that each node has 3
possible places (external nodes) to which a child can be attached. At each step of growing of
ERTTs, each external node is independently changed into a leaf with probability p, or fails
to do so with probability 1 — p. In this note, we investigate the external Wiener index, i.e.
the sum of all distances between pairs of external nodes; and the number of saturated nodes
(nodes with 3 children) in ERTTs. For these trees, we first calculate the expectation and
second moment of the number of saturated nodes and Wiener index. Then, by martingale
convergence theorem, we show the almost sure convergence and quadratic mean convergence
of an appropriate scaled external Wiener index that is indicative the distance of two randomly
chosen external nodes. Via an application of the contraction method, we also show the
convergence in distribution for a scaled number of saturated nodes.

AMS 2000 Subject Classification : 05C05, 05C09, 60F25.
Key words: Exponential recursive ternary trees, Wiener index, saturated nodes, L?-norm,
Wasserstein metric, contraction method, martingale convergence theorem.

1 Introduction and setting

A random recursive tree of size n is starting with a root, i.e. node 1, and node 2 connected to
the root node. Afterwards, at step i (¢ = 3,...,n) node i is connected uniformly at random to
one of the prior nodes 1,...,7 — 1; see Figure 1. Random recursive trees have been used as a
model for various phenomena such as the stochastic growth of networks [3]; genealogy of ancient
and medieval texts [15]; and the spread of epidemics [14]. For only a few of variations of recursive
trees, see [7], [3], [9], [10], [12] and [20]; for fundamental properties of recursive trees, see [19].
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Figure 1: The first four steps of evolution of a recursive tree.

Since only one node is added at each step in the growth of a recursive tree, then these slow-
growing models cannot be suitable for fast-growing phenomena such as the growing the Twitter
and the spreading of infectious diseases. In [13], it has been proposed a fast-growing recursive tree
model, i.e. the exponential recursive tree (ERT), where every node independently attracts a new
node with probability p, or fails to do at each step in the growth of the tree. The size (the number
of nodes), the leaves (the nodes with no children), the depth of a node v (the distance, i.e. the
number of edges, of node v from tree’s root node) and the total path length (the sum of depth of
all nodes) have been studied for ERTs by [1].

In [6], an exponential recursive k-ary tree has been defined as an ERT in which every node has
at most k children. The nodes that already exist in the tree are called internal. In order to identify
the locations of possible insertions of a new node, an exponential recursive k-ary tree is extended
by having k — d external nodes joined as children of a node with d children. Internal and external
nodes are shown by circles and squares, respectively (see, e.g., the trees in Figure 2).

An ezponential recursive k-ary tree of index p and age n grows as follows: Initially (at age 0),
there is an external node. For n > 1, at the nth step (at age n), every external node independently
is changed into a leaf with probability p € (0, 1), or not to be changed with probability ¢ := 1 — p.
The parameter p is called the index of the ERT. The age of an ERT is the number of steps it takes
to grow the tree. Figure 2 shows all exponential recursive 3-ary trees of ages 0, 1 and 2.

The Wiener inder, a distance-based topological index, is defined as the sum of distances between
all nodes in a graph. For recursive trees, Neininger [17] has obtained the expectations, the variances
and a bivariate limit law for the Wiener index and the total path length. It also has been obtained
a strong limit theorem for the Wiener index of recursive trees in [5].

By saturated nodes, we mean the nodes with k£ children in an exponential recursive k-ary tree.

The limiting distribution of depth and the expectation and variance of external path length
(the sum of depth of all external nodes) in recursive k-ary trees have been obtained in [3] an [9],
respectively. The size, leaves, external path length and depth of a randomly chosen external node
in exponential recursive k-ary tree have been investigated; see [6]. The asymptotic behaviour of
profile (number of nodes of the same depth) of exponential binary trees has been studied by [4].

In this paper, for the sake of simplicity, we consider the exponential recursive k-ary tree for
which k& = 3. The resulting tree is called exponential recursive ternary tree (ERTT). Our interest
here is to study external Wiener index W,, and number of saturated nodes Y,, in an ERTT of age
n. We give the first two moments of W,, and Y,,. Then we show convergence in distribution and in
L? of % that is a martingale with finite second moment. By the contraction method, we also

characterize limiting distribution of (2;/%)" as the unique fixed point of a distributional equation.
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Figure 2: All exponential recursive ternary trees of index p and ages 0, 1 and 2. The probability
of getting each tree appears above the root of that tree.
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We use the recursive structure of the ERTTs under consideration in order to setup some
recurrences for Wiener index and the number of saturated nodes. After one step of the evolution
of an ERTT, the initial external node either succeeds to recruit a leaf (event R) or not. We denote
the indicator function of the event R by I. If the event R does not occur, then after n—1 steps, the
initial external node of the tree fathers an ERTT T,,_;. Alternatively, If R occurs, the extended
ERTT has an internal node with 3 external nodes. By time n, these 3 external nodes produce
3 independent ERTTs 7) _,, T, |, and T} ;. Now, we hook T, ,, T, and 7", to construct an
ERTT of index p and age n. Let (X, 1, Z 1), (X0, 2 ), (X)), Z)_)) and (X]" 1, Z" ), be
the pairs of the number of external nodes and the external path length in Ty, T Y, TV | and
T"" |, respectively. Then for an ERTT of index p at age n with the number of saturated nodes Y,

n—17
and the Wiener index W,,, we have

X L (1= DXy +1( Xy + X7+ X, (1)
Zo L (U= Zus + W Z)y + 2y + 20+ Xy + X+ X0, (2)

where the symbol < denotes the equality in distribution; the pairs (Xn-1, Zn_1), (X' _1, 2" _)),
(X)_ 1, Z!' ) and (X" |, Z!" ) are independent copies of (X,,_1, Z,_1) and independent of I. More-

n—1» n—1»



over, the almost sure and L? convergence of the scaled X,, and Z, have been shown in [0],

Xn QX Zn L? & as.
(2p+1)» " n(2p+1)"

Tl

s X, <IE?[X*]:1, E[X2] = —° ) (3)

as n — oo, for a limiting variable X, characterized by inductively-constructed moments.

To setup the recurrences for the number of saturated nodes and Wiener index, let T,, be an
ERTT of index p at age n, (Y,_y, Wy_1), (Y, W’ _)), (Y ,,W” ) and (Y”,,W" |) be the pairs
of the number of saturated nodes and the Wiener index in T}, _y, T/ _,, T/, and T, respectively.
Let J,,_1, J/ ", and J/_, be the indicators of the events that, after n —1 extra steps, the initial

n—17 ¥n n
external node succeeds to recruit a child in 7,4, T/ _;, T, and T ;, respectively. Thus for the

n—1
tree T,, with the number of saturated nodes Y,, and the Wiener index W,,, by direct enumeration

we obtain the recurrences

Yo £ (1= DYoot + LYoo + Yy + YV + T BT, (4)

Wa £ (1= Wy + T( Wiy + Wil + Wiy + 20 X+ 2X0 L, X+ 2X0, XL
2 X+ D X+ By X+ 2 Xy 4 20 X0+ 20X ), (5)
where the triples (Y, _,, I, _,W,_), (Y, 00 _,, W) ;) and (Y,”,, I, W," ) are independent

copies of (Y,,_1,J,_1, W,_1) and independent of 1.

In Section 2, we calculate the first two moments of Y,, and W,,. If S,, be the size of be an ERTT
of index p at age n, in Section 3 and Section 4, we use the martingale convergence theorem and
contraction method to show the following two types of convergence for W, and Y,,, respectively,

&=

[Yn] < = Yn i> Y Wn L? & as. 3]? 2
[Sn] — 3 (2p+1)» ’ n(2p + 1) 2p+1 "

&=

where the random variable Y is the unique distributional fixed-point of a distributional recurrence.

2 The first two moments

In this section, we calculate the first two moments of Y,, and W,, by the equations (1), (2), (4) and
(5). We need some results that the authors of [(] have found

E[X,] = (2p+1)", ,E[X2=32p+ 12" —2(1—p)2p+ 1", E[Z] = 3pn(2p+1)"".

Theorem 1. Let Y,, be the number of saturated nodes in an ERTT of age n and index p. We have

3 2 n 2n 3n
—p°+p+2)2p+1 1 3(1 — 1—
E[Yn]:(p p p2 )2p+1) S (1-p) N g p) a1
2(4 —p)(p?> —3p+5H) 2 4—p p?—3p+5
3 3 _ 2 222 12n—1
E[Y?] = ' —p"+p+2)7(2p+1) +0((2p+1)"), as n — oo.

4(4 —p)?(p* — 3p +5)?



Proof. Taking the expectation of the equation (4), one gets
1\ 3
ElY,] = 2p+ DEY, ] +p(1 - (1 —p)" "),

with initial condition E[Yy] = 0. Iterating this recurrence we find

n

ElY,] = (2p+1)" "p(1 - (1-p))".

=1

This sum yields the explicit solution as stated in the theorem.
Raise both sides of the distributional equation (4) to the second power and take expectations:

EY?) = E[(1-D¥2, +1((V_)" + (Vi) + () + T T
2V, Y 2y, Y 2V Y 2(Y T )T T
F2VT )BT 2T T, T ).

where (Y _,J0 1), (Y I 1) and (Y,”,,J/ ,) are independent copies of (Y,,—1,J,-1) and inde-
pendent of I. Then

E[Y2] = (2p + DE[Y2,] + 6p(E[Y,1])°
+6p(1— (1= p)" B[V, 1dn ] +p(1— (1 —p)" )"
Since Y, J,, =Y, therefore we have

E[YnQ] = Z(Qp + 1)n_ip(6(E[Y;‘—1])2 + 6(1 —(1- p)i_l)ZE[}/;_l] + (1 — (1 _p)i—1)3)

i=1

3P —pP+p+27°(2p+ 1) 6(2+p)(2p+1)" = (1-p)™)
4(4 —p)*(p* — 3p +5)? (p—4)(p* = 3p+5)(p* — 5p* + 10p? — 10p + 7)
N 3(p° —p* +p+2)(p° —4p* +5p° +8p" —2lp+14)(2p +1)" (1 p) s 6(1 — p)2"
(p—=2)2p+1)(p—4)*(p? — 3p+5)*(p* — 3p + 3) 4—p

N (3p” — 18p° + 23p° — 12p* + 49p3 — 284p? + 234p + 194)(2p+ 1) 1 5(1 —p)>"

2(2p+1)(p — 4)*(p* — 3p +5)? 4 pPP—3p+5
18(1L=p)((2p+1)" = (1 =p)*") 6((2p+1)"—(1-p)°™)
(p® — 4p* + 6p — 6)(p — 4)? (p° — 6p* + 15p* — 20p* + 15p — 8)(p* — 3p + 5)?
L3P0+ A —p) 2+ DM 607 —p* +p + 2 —p) (20 + D)™
(2=p)(p—4)2(p* = 3p+3)(p* = 3p +5) (p=4)(P*=3p+3)(p*—3p+5)?* ’
where the calculation has been done by MAPLE software. ]

Let S,, be the size of be an ERTT of index p at age n, then by the result E[S,] ~ M in [0]
and Theorem 1, we have

(.. p3_p2+p_|_2 <1)
’ T A-p)*—3p+5) ~3)
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Theorem 2. Let W,, be the wiener indez in an ERTT of age n and index p. We have

27p*n?(2 )22 9pn(2 1)%n—1 3(2 1)%» 3
3np+2p+1 2B3np+2p+1) 2Bnp+2p+1) 2
324p*(12p* + 31p + 35)

4(p+1)(4p? + 6p + 3)

E[W?] =

n

n*(2p+ 1)+ O(n(2p + 1)*"), as n — oo.

Proof. Take expectations both sides of the equation (5). By the identical distribution of W), W/,
W)" and W,,; and the independence of I, we get

E[W,] = (2p + DE[W,_1] + 6pE[Z, 1 ]E[X,_1] + 6p(E[X,_1])’
= (2p+ V)E[W,_1] 4+ 18p°n(p + 1)*" > + 6p(1 — p)(p + 1)*" 7,

with E[W;] = 0. By iterating, we have

n

]E[Wn] = Z(p + 1)"71’ <18p2i<2p 4 1)21;73 + 6]?(1 i p> (2]9 + 1)21'73)7

i=1

that is obtained as claimed in the theorem.
For obtaining E[I¥?], raise both sides of (5) to the second power and take expectations. The
second moment recurrence takes the form,

E[WQ] (2p + )E[Wi—l] + 6pE|:ZT2L—].]E[X2—1] + 12P(E[X2—1])2 + 24pE[Z, 1 X, 1] (E[Xn—l])2
+ 12pE[ Xy 1 |E[Z, 1 JE[Wh 1] + 12pE[W,, 1 X 1 |E[Z 1] + 24pE[W,, 1 X, 1 ]E[X, 1]
+ 12pE[W,_1 Zn1|E[X 1] 4 24pE[Z, 1 X, 1 E[X] ] + 24pE[X,, 1 ]E[X] | ]E[Z, 1]

+ 6p (B[ Zn-1Xn-1])” + 120EWin1) (B[Xo-1])” + 6p(EWa-1])” + 24pE[X ) (E[X,-1])
[

+ 12pE[ X, 1 JE[Z, 1 |E[Zo 1 Xot] + 6pE[Z2 ) (E[X,0-1))” + 6pE[X2 ] (E[Z,1])”.

2

(6)
In the recurrence (6), we need the expectations E[Z?2], E[W, Z,], E[W,,X,,] and E[Z,X,,].
From (1), (2) and (5), we have the following recurrences, for n > 1,
E[Z,X,] = 2p + DE[Z,, 1 X,,_1] + 6pE[X,, 1]E[Z,, 1] + 3pE[X2_,] + 6p(E[Xn,1])2
E[Z7] = (2p+ DE[Z]_,] + 3pE[X]_] + 6p(E[Z-1])” + 6p(E[Xn-1])”
+ GPE[ananfl] + 12pE[Z - ]E[anl]
EW,X,] = (20 + DE[W,1X,-1] + 6pE[X,—1]E[Z, 1 X,—1] + 6pE[Z,-1] (E[X,,—1])

[ 2
+ 6pE[W,, 1 |E[Xp-1] + 6pE[Z, 1 JE[X;;_,] + 12pE[X, 1 ]E[X_,] + 6p(E[X,,-1])
W,

3

E[W, Z,) = (2p + DEW,_1Zy 1] + 18pE[X,, 1JE[Z, 1 X, 1] + 3pE[W, 1 X, 1] + 6p(E[X,_4])°
+6pE[ZZ_1]E[Xn,1]+6pE[Zn,1]]E[Wn,1] + 6pE[Z,1]E[Z, -1 X —1] + 6pE[X (E[Zn 1)
+ 6pE[W,, 1 |E[X,, 1] + 6pE[Z, 1JE[X]_] + 12pE[X,, 1 JE[X]_,] + 12pE[Z, ]( (X)),



with initial conditions E[ZZ] = 0, E[WyZ] = 0, E[WyXo] = 0 and E[Z,X,] = 0.
The above recurrence equations are of the form y, = (p + 1)y,_1 + h,, with solution

n

Yn = Z(p +1)""h. (7)

i=1

Therefore, after some calculations, their solutions are obtained as follows
E[Z,X,] = 9pn(2p+ 1)*" 2 +3(1 —p)(2p+ 1)*" 2 — 6p(1 —p)n(2p+ 1) 2 = 3(1 — p)(2p + 1)" 2,

_ - 3 e
E[Z2] = 27p*n®(2p + 1)*" 7 + 8p(1 — p)n(2p + 1)*" % + 5(1=P)(5—2p)(2p + 1)*n=3

—18(1 = p)p*n®(2p +1)"° = 6p(1 — p)(4 — p)n(2p + 1)"° — ;(1 —p)(5-2p)(2p+1)"7,

E[W,X,] = 22P+5) (p++15) n(2p + 1yt — S +22<]20pi;i3p “ (o 175~ 36p(1 — pJ(2p + 1)
- 2(8292 —16p—1)(2p+ 1)~ — i Z;)((ﬁlf ij 2) (2p+ 1)

E[W,Z,] = —27]9;(_{ Y D (2 4 1yt - UL +23<ipj ;i =17 o 4 1)t
SR (Z ffg;* L0 = 20) 9, 41yt — 108421 — pyn®(2p + 1)

9
- §p(20p2 —52p+23)n(2p+ 1)*** = 3(1 — p)(10p* — 20p + 1)(2p + 1)*"*

Ip(1 — p)(4p? + 3p + 2 3(1 — p)(20p® — 8p* — 23p — 16
~ 9p(1 —p)(4p 2p )n(2p+1)n73+ (1 —p)(20p p2 p — 16)
2(p + 2) 4(p +2)

Again, according to (7), the solution to the recurrence (6) is

_324p*(12p® + 31p + 35)

~ A(p+1)(4p* +6p+3)

B 27p(176p5 + 880p° + 2056p* + 2222p3 + 927p? — 66p — 111) n(2p + 1)4=>
(p+1)%(4p? + 6p + 3)?

as n — o0o. Hence we obtain the assertion. O

(2p+1)" 7

E[W?2]

n

n?(2p + 1)

+ (9((2]9 + 1)4"),

3 Almost sure convergence for the external Wiener index

In 7,,, an ERTT of age n and index p, assume we numbered the external nodes of the tree

arbitrarily with the numbers 1,2,...,X,,. Let D;; be the distance between external nodes ¢ and
g, fori,j € {1,2,..., X, }. The external Wiener index of T, is
Xn Xn



Theorem 3. Let W, be the external Wiener index in an ERTT of age n and index p. Asn — oo,
we have almost sure convergence and in L?,

Wn L? & a.s. 3]? X2
n(2p + 1) 2p+1 %

Proof. Let I be a sequence of independent Bernoulli(p) random variables, defined on the same
probability space as the trees. Consider {]Ik}iozl to be independent of the structure of the tree at
any age, too. If each of two external nodes 7 and j or both succeed in attracting a new node, then
by direct enumeration, the contribution of the external nodes 7 and j of T,,_; into W,,, is

OLL;(D;; + 2)Dijlic; + 3L;(1 = 1) (Dij + 1)Ly + 61 — LI; D, ;L — (1 = 1) Dy

for 7,5 € {1,2,...,X,,_1}, and we write

Xn_1 Xn_1 Xn—1 Xn-1 Xn-1
Wo=Wui— > > I ZZH]IDJ+6ZH
zlwéjj 1 21Z<]_7 1

Xn—1 Xn-1 Xn-1 Xn-1
+33 Y L -L)(Diy+ 1) +9 Y Y LLi(Diy+2).
i=1 j=1 =1 j=1
i#j i<j

Let F,, be the sigma field generated by the first n steps of the evolution of 7;,. Then

E[Wn|fn—1] - Wn—l + 4]7(1 - p>Wn—1 + 8p2Wn—1 + 6an—1 + 3p(2p + 1)Xn—1(Xn—1 - 1)
= (2p+1)*Wyy +3p(2p + DX2_ ) = 3p(2p — 1) X, 1. (8)

Let M, := a,W, + B,X? + v,X,,, for specified factors «,,, B, and 7, that transformed M, a
martingale. So, by (8) and a martingalization procedure, we have

E[M,|Fp_1] = on(2p + 1)*Wo_y + 3cp(2p + 1) X2 — 3a,p(2p — 1) X,y
+ BB [ X2 Frct] + B[ Xn| Fui]
= a,(2p +1)*Wyo1 + 3a,p(2p + 1) X2, — 3a,p(2p — 1) X1
+ Ba(2p+ 12 X7 4+ 48,p(1 — p) X1 + (20 + 1) Xy
=, (2p + 1) Wi + (3ap(2p + 1) + B (2p + 1)*) X7,
+ (7 (20 + 1) + 48,p(1 — p) — 3anp(2p — 1)) X,
=M, = an Wiy + B 1X 1+ 1 X1

This is possible, if we choose

1 = an(2p +1)%,
571—1 == 304np(2p + 1) + ﬁn(2p + 1)2
Y1 = Ym(2p+ 1) + 48,p(1 — p) — 3a,p(2p — 1).



From these solvable recurrences, we obtain

SO T 5, = Bo  3oopn
@) @t (2pt 1t
~ Bag—4(1—p)Bo +22p+ 1)y 6p(l —plagn  3ag —4(1 —p)By

" 2(2p + 1)+ (2p + 1)2n+2 2(2p + 1)2n+1
For simplicity, we take ag = 1 and By = 0 = 9. Thus,
o 1 W 3pn X2 4 3 _ 12p(1 —p)n+3(2p+1) X,
(2p+1)% (2p + 1)2n+l 2(2p + 1)ntt 2(2p + 1)2n+2
is a martingale with bounded moments
E[W, 3pnE[ X2 3 12p(1 — 32p+1
E[M,] (Wa]  3pnE[X7] _12p(1—p)n+3(2p+1) E[X,]
(2p+ 1)271 (2p+ 1)2n+1 2(2p+ 1)n+1 2(2p+ 1)2n+2
_ 27p*n*(2p+1)72  9pn(2p+1)7! B 3 N 3
3np+2p+1 2Bnp+2p+1) 20Bnp+2p+1)  2(2p+ 1)+t
3 3 B 2(1—p) 3 B 12p(1 —p)n+3(2p+1) _0
PP\ ep+12 " @p+0m2) " 202p+1) 2(2p + 1)+ ’
E[W? Ip*n?E[X A 3 12p(1 — 32p+1)\?
(2p+ 1)4n (2p_|_ 1)4n+2 2(2p+ 1)n+1 2(2p+ 1)2n+2
3 12p(1 — p)n+3(2p + 1) B[V, X,] 3pnE[X3] 6pnE[W, X?2]
(2p+ 1)3n+1 (2p+ 1)4n+2 neEn 2p + 1 (2p+ 1)4n+1
1 Ip*n? 6pn
= __EW’ ]+ —/— —EX- ———E[W,X?+0(1
1 324p*(12p? + 31p + 35
_ . p°(12p ‘21‘ P+ )n2<2p+1)4n75
(2p+ 1)\ 4(p+ 1)(4p® + 6p + 3)
~ 27p(176p° 4 880p° + 2056p* 4 2222p° + 927p® — 66p — 111) n(2p + 1)*"°
(p+ 1)%(4p? 4 6p + 3)?
9p?n? (9(12}92 +31p +35)(2p + 1)4”3>
(2p + 1)*+2 (p+1)(4p> + 6p + 3)
B 6pn (2710(12102 + 31p + 35)n(2p + 1)44
(2p + 1)4ntl (4p> +6p+3)(p+1)
9(176p° + 880p° + 2056pt + 2222p3 + 927p? — 66p — 111
_ 9(176p p P+ 2222° 4 92T P ) (2 + 1)4n_4) + o)
2(p +1)*(4p* + 6p + 3)
=04+ 0(1) < oo, as n — 0o,
where
3 5)(2p + 1)32 2(1 —p)(2—p)(2p + 1)L

p+1 p+1



9(12p% + 31p + 35)(2p + 1)*3  36(p+5)(1 — p)(2p + 1)33

E[X!] = _
[Xa] (p+1)(4p% + 6p + 3) p+1
R0 =p) (T —6p=T)(2p+ 1> 8(1—p)(2p* —12p° +Tp* +6p+3)(2p + 1)" 7
p+1 (p+1)(4p? + 6p + 3) ’

27p(12p2 + 31 op + 1)4n—4
E[IV, X2 = Tp(12p —23 p+35)n(2p+1)
(4p +6p+ 3)(p+ 1)
9(176p° + 880p° + 2056p" + 2222p° 4 927p* — 66p — 111) (2p + 1)
2(p + 1)2(4p? + 6p + 3)2 P
3(60p* + 300p® — 60p* — 300p)n(2p + 1)3—*
_|_
2(p+1)?

+0((2p+1)°"), asn— .

So, by the martingale convergence theorem (Theorem 6.6.9 in [2]), M,, converges to some M,
almost surely and in L2. Consequently,

M, W, 3p ( X )2
n o n2p+1)2 2p+1 \(2p+1)m

N 3 ~ 12p(1 —p)n+3(2p + 1)) X, L &as,
2(2p+1) 2(2p + 1) +2 n(2p+1)» '
Hence, by (3), the result follows. O

Corollary 4. Let D} be the distance between two randomly chosen nodes in a random ERTT of
age n and index p. Then we have
E *
(D], 6
n 2p+1
Proof. In T,,, a random ERTT of age n and index p, we have

Xn Xn

2>_2 Dy

N oW,
E[D}|T,] = = .
Dl = 2 T X D)

Therefore, by (3) and Theorem 3, we have
]E[Dan] 2VVTL/ (n(2p + 1)2n) a.s. 6p

f— H .
n Xo(Xn = 1)/ ((2p + 1)) 2p+ 1

Since W, < X,,(X,,—1)n, then E[D}|T,]/n < 2. Consequently, by dominated convergence theorem,
ElD, E[D;|T, E[D|T,

n

n—00 n n—00 n—00 n

This yields the result. O]
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4 L? convergence for the number of saturated nodes

In this section we apply the contraction method in [18] or the multivariate contraction method in
[10] to state the limiting distribution of Y,, := (2;/%)”.

We first need to set up some notation as follows: For a random variable X, we write X ~ A
if the distribution of X is A, i.e. the law £(X) of X is A\. The symbol || X|, := (E[|X?])/?
denotes the usual Lo-norm of X. The Wasserstein-metric /5 is defined on the space of probability
distributions with finite second moments by

0(X, Y) = G(L(X), LY)) i=Lo(\, v) == inf{| X = V]s : X ~\, ¥V ~ ).

By M, the space of all probability distributions A with mean % (as in Theorem 1) and
finite second moment is denoted. The metric space (Ma, £3) is complete and convergence in o is
equivalent to convergence in distribution plus convergence of the second moments.

By equation (4) we have

Yo a1 (Yl oY@, Y
2p+ 1) 2p+1\(2p+1)nt " (2p+ 1)t (2p+ 1)t
n 1T Yo I. n—1n—1d5 1 9)
2p+1 (2p+1)»! (2p+ 1)~

Theorem 5. Let Y, be the saturated nodes of an ERTT of age n and index p. The normalized
saturated nodes Y, = =n— satisfies the distributional recursion

@p+D)”
~ d ]I ] A1 ~ 111 ]_—]1 = ,_1 ”_1 ,”_1
4 N0 A S R IR I /RTID ied1od hld hld 10
o0+ 1 (Voy + Y0+ ”1>+2p+1 Lt (2p+1)n (10)
where J/, 2 "’ —J’” < ernoulli(l —(1=p)™ Y, Y, (Y, I ), (V). 3'_), (Y, J")) and

md IS

I are independent, Y, = }A// }A/’ Y =Y, and I is a Bernoulli random variable with success

probability p, then Y, BN Y as n — oo, where the random variable Y is the unique distributional
fized-point of

1-1 -
g (1)
2p+1

d ]I A ~1

2p+1(y +Y V) +

~

with )A//, Y and Y are independent copies off/ and independent of 1.

Proof. The equation (10) is an immediate consequence of the equation (9), where Y,, := (2;?#)”,
Y = (QPY#)" Y = (QPY#)H and V" = (2;/#)”. Using Chebysl}ev’s inequality and E[J”_,] =
E[J” ,]=1—(1—p)" !, we have the convergence in probability % 5 0. That is,
~ d ]I ~ 1 A1 A1 1 - ]I ~
v, 4 (Y 4V 4 Y, 1), 12
2p+1 (n—l+ n—l+ n—1)+2p+1 1+0P() ( )

11



where the notation o0,(1) will denote an asymptotically negligible random variable that converges
to 0 in probability. For purposes of convergence we can, and hence will, ignore the 0,(1) term.
Consider the well-defined transformation T : My — M,

T(\) = E(

~ 1 ~ 11 mr 1—]I A~
(Va+ Yy +Y) + Y>\>7 (13)

2p+1 2p+1

where Y < Y, Y/\/ Ly Y/\” 2 y" and Y;/ £ ¥" have A as distribution and are independent of I.

At a first step, we have to prove that the transformation 7" has a unique fixed point with respect
to the fo-metric. Let A\, v € My be given. By (13), we have

]I At ~ 11 ~ 111 ]_ — H ~
T\ = ( v 4+, )
O = Lz n ) + g
T( ) _ E( ]I (y/ —"_ )A//I + Y///) 1 - ]I A
S T\gp1vr o 2p+1"")
and
EF] o ope E[A=DF .o oo
(TN, T E[|lva - Y,|]" + E[|Yy - Y,
2T, TW) <3 5 "= Bl - Rl + 5 o7 Bl - Vo]
1 2
= 2p +1 H AT VH
Therefore, we have
BT, TW)) < —— 2(\, ).
2 ) — 2p+ 1 2 )
Since 2_+1 < 1, we deduce that T is a contraction with respect to the f5-metric. Thus, Banach’s

fixed point theorem provides existence and uniqueness of solutions of the fixed point equation
T(A) = A. By (12), if Y;, converges in distribution to some random variable Y, then Y satisfies (11).
Consequently, the distribution of ¥ will be g, the unique fixed point of T, ie. LIY)=T(N) = Xo.

Therefore, We have to prove lim,,_,o, o (Y s Y) =0 to conclude Y, Ay,

Since }A/ Y” 4 YW = )7 and V' < Y” Ly 4 f/ we deduce

AT 2 A A /// A

2
097 o (5 i )
i 605 ¥) < gy i, (¥ =Y+ o =¥, s =
1—p ~ |12
—— i o1 — Y
BT R 2
< lim HY Y”
2p—|—1n%oo 2’
Therefore, we have
. 5O 1 . 50
fm 60 ¥) < 37 i B0, V)
This is true only if lim,, . Eg(f/n, f/) =0. n
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