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—— Abstract

In the early 2000s, several phase change results from distributional convergence to distributional
non-convergence have been obtained for shape parameters of random discrete structures. Re-
cently, for those random structures which admit a natural martingale process, these results have
been considerably improved by obtaining refined asymptotics for the limit behavior. In this work,
we propose a new approach which is also applicable to random discrete structures which do not
admit a natural martingale process. As an example, we obtain refined asymptotics for the num-
ber of leaves in random point quadtrees. More applications, for example to shape parameters in
generalized m-ary search trees and random gridtrees, will be discussed in the journal version of
this extended abstract.
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1 Introduction and Result

In this extended abstract, we investigate shape parameters of random discrete structures
whose distributional behavior is known to undergo a phase change as a structural characteristic
of the structure varies. Several such phase change phenomena, in particular with a change
from distributional convergence to distributional non-convergence, have been found in the
early 2000s. We start by recalling a particular nice and surprising result in this direction
which was obtained by Janson in [11]: the phase change of the number of nodes with depth
in a fixed congruent class in random recursive trees.

First, we recall the definition of random recursive trees. Starting from a root, nodes are
added consecutively where the n-th node is attached uniformly at random as left-most child
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Refined Asymptotics for Quadtrees

Table 1 A summary of shape parameters and discrete structures for which the distributional
behavior changes from normal to non-convergence.

structure parameter non-convergence refined asymptotics
nodes with depths

i > 16, 1
recursive trees divisible by m m>7 (16, 17]
m-ary search trees size m > 27 [15]

T onal
d-dimensiona number of leaves d>9 this paper

quadtrees

to one of the existing nodes. In such a tree with n nodes, let M,, denote the number of nodes
with depth (distance from the root) divisible by m where m > 2 is fixed. Set

{n, if 61 m;
Wy =

nlogn, if 6|m.
Then, in [11], the following result was proved: if 2 < m < 6, we have

Mn&b/ ™y N0, 02,), (M)

where o,, > 0; for all other m, we have that M, with the standard normalization, i.e.,
(M, —n/m)/\/Var(M,), does not converge to a fixed limit law.

A similar result holds if the depths of nodes are required to fall into another residue
class. Moreover, the same phase change phenomenon is present in random binary search
trees, too; see [11]. Also, several other shape parameters in diverse families of random trees
have been proved to exhibit a similar phase change behavior from distributional convergence
to distributional non-convergence, e.g., the size of m-ary search trees proved by Chern and
Hwang [4] (see also Mahmoud and Pittel [14] and Lew and Mahmoud [13] for preliminary
results) and the number of leaves in random point quadtrees proved by Chern, Fuchs, and
Hwang [2]; see Table 1 for a summary of these results and [2, 4] for many more examples.

After the above results have been published, subsequent research has focused on clarifying
the stochastic behavior in the non-convergence regime; e.g. see [2], Chern, Fuchs, Hwang,
and Neininger [3], Chauvin and Pouyanne [1], Fill and Kapur [6], and [11]. This line of
research has recently culminated in the realization that subtracting a sufficiently large number
of suitable random variables leads to a central limit theorem. To give some more details,
consider again the above random variable M,,. Set r = |[(m — 1)/6] and

21k . {27k
(x :=cos | — and N =sin| — | .
m m
Following a technique developed by Neininger [18] in a refined analysis of the complexity of
the randomised Quicksort algorithms, it was proved by the second author of this extended

abstract and Neininger [16, 17] that there exist complex random variables =1, ..., Z, such
that

1 < n " ) d
M, — — —2) R (Zn"™) n<k> -5 N(0,02)
VWn m —
with ., > 0. Note that this result yields (1) as a special case.

The proof of the above result made use of a natural martingale process related to random
recursive trees. Moreover, another proof method (also using the martingale process) was
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Table 2 Value of p in (3) for small values of d.

L,...,819,...,17]18,...,26 | 27,...,34
D 0 1 2 3

proposed by the second author in [15], where the above result was extended to generalized
Pélya urns; see Janson [10] for background. The latter result contains both the above result
and a similar result for m-ary search trees; see Table 1.

The purpose of this work is to propose yet another approach which does not make use of

the martingale process (the possibility of such an approach was already announced in [17]).

The advantage of such a method is that it can be applied to random discrete structures
which do not admit such a process. This is for instance the case for random point quadtrees
which we use in this work as guiding example. Other applications of our approach in the
context of, e.g., generalized m-ary search trees and gridtrees (where there are again no natural
martingale processes) will be discussed in the journal version of this extended abstract.

We first recall the definition of random point quadtrees (which for brevity will be called
random quadtrees in the sequel). Fix a dimension d and consider an infinite sequence of
stochastically independent points chosen uniformly at random from the d-dimensional unit
cube. Then, the first point is stored in the root which has 2¢ subtrees that correspond to
the 2¢ quadrants into which the d-dimensional unit cube is split by the first point. These
subtrees contain the points which fall into these quadrants respectively. Moreover, subtrees
are built recursively via the same process. The resulting tree after n steps is called random
quadtree of size n.

In such a tree of size n, let L,, denote the number of leaves. Then, in [2], the following
phase change result was proved: if 1 < d < 8, then

L, —kqn 4
NG — N(0,03),

where o4 > 0 and

Kg=1-— 35’(1), (2)

where £(s) is given in (4); for all other d, we have that L,, with the standard normalization
does not converge to a fixed limit law. (For d = 1, the result goes back to Devroye [5].)

The main result of this extended abstract is the following extension of this result which
gives an asymptotic expansion of the limit behavior in the style of [15, 16, 17].

» Theorem 1. Let d > 1. Then, there exist complex random variables 21, ..., 2, such that
1 P ) d
N (Ln — Kgn — 2 ; %(anzﬁ’“)no"“> %5 N(0,02), (3)

where o4 > 0. Here,

2 2
oy, = 2cos (Zk) -1 and B := 2sin (T)

and p 1is the largest number in {0, ..., |d/2]} with ay, > 1/2; see Table 2.
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We conclude the introduction with a discussion of the proof of Theorem 1 and an outline

of the manuscript. Following [18, 16], the proof relies on the following three steps:

(i) the construction of the limiting random variables Zy,..., Z,,

(i) an expansion of the variance of the residual L, — rgn — 2> h_, R(Zpn'*)n* and
(i) general techniques to deduce the asymptotic normality (3) from (ii) from a distributional

recurrence for the sequence of residuals.

In the literature, step (iii) in the present context has been carried out relying on two
different techniques which both apply with straightforward modifications in our setting: the
contraction method [18, 16] and the method of moments [9]. As this part does not involve
significantly new arguments, we refrain from discussing the details in this extended abstract
and refer the reader to the journal version of this work (to come).

The remainder of the manuscript is organized as follows. In Section 2, we give an explicit
construction of the quadtree sequence and state known asymptotic expansions for the mean
number of leaves. Section 3 is dedicated to step (i) and uses contraction arguments; the
proofs are found in Appendix A.

The most technical part of the work, step (ii), crucially relies on a recursive distributional
decomposition of the residual sequence and asymptotic transfer theorems developed in Chern,
Fuchs, and Hwang [2] for general parameters in quadtrees. This part, worked out in Section
4, is based on conceptually novel ideas since second moments cannot be computed by direct
means exploiting a martingale structure. Proofs of technical lemmas required here are
collected in the Appendix B.

2 Preliminaries

Let us start with an explicit construction of the quadtrees. To this end, let Y9 i > 1 be a
sequence of independent random variables following the uniform distribution on [0, 1]¢. We
define a sequence of 2%-ary trees T, T}, . . . where T} stores the values Y1), ... Y(®) as follows:
initially, we start with an empty tree T consisting of a placeholder associated with the unit
cube. YV replaces the placeholder thereby creating a tree T} consisting of a root node to
which we associate 2% placeholders which are assigned the 2¢ rectangular regions in which the
components of Y'(!) partition the unit cube. (In computer science, these placeholders are often
called external nodes.) Inductively, having constructed the tree T, storing ym, oy
with 1 4 (2¢ — 1)n placeholders corresponding to 1 + (2% — 1)n regions partitioning the
unit cube, we obtain the tree T}, by storing Y"1 in the placeholder associated with the
rectangle containing Y ("*1) and adding 2% placeholders which are assigned the rectangular
regions in which Y"1 partitions the aforementioned rectangle.

We let L,, denote the number of leaves in the random quadtree T),. Set yu, := E[L,]. To
describe the asymptotic behavior of u,, it is necessary to introduce some terminology from
[7]: first, for s € C\ {0}, let [s] :=1— f—z Then, for n € N,n > 3, we define the d-analogue
of the factorial as

[n]!:=1[3]-[4]--[n] and 2]!:=1.

Let A:={2w*" —j:ke€{0,...,d—1},j € N}. The definition of [n]! extends holomorphically
to complex numbers s € C\ A through

[s]!:zﬂgiﬂ, and [oo]l = [3] - [4]- 5] - - - .

Jj=1
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Flajolet et al. [7], showed that, for all n > 2,

n O, k = 0
n x . *
fin = E (k) (=1)*pi with pf =4 —1, k=1
= k k]!
b= ~ TG k22

From here, standard techniques relying on Norlund-Rice integrals for meromorphic functions
arising in the analysis of finite differences such as, e.g. [8, Theorem 2], allow to derive
asymptotic expansions of u, (as n — oo) of arbitrary precision. In particular, following the
notation in [7], with

s—1 s~ /(1 1
= *Z(w‘ o) W
one finds
ln = Kqn — 2 Z R (ven'P) n* 4+ O(1), (5)

1<k<[d/2],0,>0
where kg is given in (2) and, with A\ = ag +i0; for k=1,...,|d/2] with a; > 0,

_)\k—f—l

Ve = D(=Ae)Ew) Ak + 1]

Here, I'(-) denotes the Gamma function. The details of the argument show that ~y, # 0 for all
k > 1,a4 > 0, so no term in the asymptotic expansion (5) vanishes. For later purposes, note
that o £ 1/2 for all k =1,...,d — 1, since the converse would imply the existence of a k-th
root of unity with real part 3/4. But any rational real part of a root of unity takes values in
the set {0,—1/2,1/2,1, —1} since, with w := a; + i, the value 2R(w*) = w* + w9 * is an
algebraic integer for any 1 < k <d.

3 A family of limiting random variables

As opposed to the applications discussed in [18, 16, 17|, there is no natural martingale
process associated with the sequence L,,,n > 1. Therefore, it is necessary to construct the
limiting random variables Z1,..., Z, in Theorem 1 in an ad-hoc way guided by the recursive
distributional decomposition of L,,. In this section, we give the details of this construction.

Let T be the complete infinite 2%-ary tree represented in standard Ulam-Harris notation
by

T = J{o,....2¢ —1}".
i>0

Through the canonical embedding of the sequence T, 77, ... of increasing trees into T, to
any v € T, we shall associate a random integer £(v) > 1 such that Y(“(")) is stored at node
v. (Clearly, as the fill-up level of T,, grows to infinity, ¢(v) exists for all nodes v € T.) For

¢ > 1, let I, be the rectangle corresponding to the placeholder in T;_; which contains Y (©).

Define Y® as the vector of components of Y relative to the boundaries of I,. Formally,
with Ip = [i0,4)] x -+ x [i}, 1], we set

0 .
o _ Y0 —ip

k A
b T U

. k=1,...,d
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Finally, for v € T, let

U®) = Pl

By construction, {U @€ T} is a family of independent random variables with the uniform
distribution on [0, 1]%. While the placeholders associated with the nodes in the tree T}, give
rise to a partition of the unit cube, the construction of the limiting random variables relies
on different decompositions of the unit cube traversing T level-wise. To this end, to every
veTand 0<j<2%—1, writing j = ZZ:l €121 with €1,...,e4 € {0,1}, we associate
the random variables A;U) = Vl(v) e Vd(v)7 where

Vk(v) = {U,EU), (v) ?f *=0
1-U,"7, if e =1
Note that Zfigl Ag.v) = 1. Subsequently, write A(*) = (A(()U), cee A;’ill)
Let k € {1,...,d — 1} with a; > 1/2 and define a family of random variables {fo,l :
n > 0,v € T} as follows: first, set Zéj’,g = for all v € T. Then, forn > 1 and v € T, we
recursively define

(v) — N (v
anjk = Z (Agv ) 'ZnU—Ji,k'
j=0

Note that, for all n > 0, we have ng[)lfk = Zflv,)v Let IIy := 1, and, recursively, for v € T
and j =0,...,2¢9 -1,

I,; = A1,
Then, we have the following forward expression for 27(7,@])6 :

2= e
|lv]=n

Analogous expansions can be stated for Zf:,)c, v € T. Let F_; be the trivial o-field, and, for
n>0,set F, =0 (U(”) v eT, v < n) It follows immediately from the previous display
that Zr(f’),)c, n > 0 is a martingale with respect to the filtration F,,,n > —1.

This martingale has the following important property.

» Proposition 2. For all v € T there exists a random variable Z,gv) such that, almost surely
and with respect to all moments,

20 -z, (6)

We have
(i) the random variables Z,iv

(ii) Z,gvo), e ,Z,gv(zdfl)), AW are stochastically independent and

), v €T are identically distributed,

291

20 =3 (a)" 2,

Jj=0
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(i) the law of Z,iw) is the unique distribution satisfying E[Zlgm] = fyk,EHZ,g@)\Q] < oo and

241

A .
LY (a) " Y, ¢
=0

where ZZ’(O), e ,ZZ’@d_l) are independent copies of ZZ’((D), independent of AW,
In the remainder of the manuscript, we agree to drop the upper index () when referring to
the quantities Z,im),k =1,...,pand A;w),j =0,...,27 -1 and UJ@),j =1,...,d.
Below, we will need the following property of the Z;’s which follows from Leckey [12];
see Appendix A.

» Proposition 3. Let 1 < k < p. The vector (R(Z}),3(2k)) has a Schwartz density f on
R?, that is, f is infinitely differentiable, where f and all its derivatives decay faster to zero
at infinity than any polynomial.

4  The variance of the residual

In the final chapter of the manuscript, we discuss the techniques to prove step (ii) outlined
in the introduction. Let

P
Ly =L, —kqn—2 Z R (aniﬁ’“) n + 6,
k=1

where d,, is deterministic such that E[L}] = 0. (Exact scaling simplifies arguments in the
following.) By (5), we have 6, = O (n™*(@»+1.0)). (One actually has a,; > 0 for all
d > 11.) For j = 0,...,2% — 1, let N; be the size of the j-th subtree of the root and

LY be the number of leaves it contains. Given Ag, ..., Aya_q, the vector (Ny, ..., Noa_q)
has the multinomial distribution with parameter (n — 1; Ag, ..., Aga_1). We now set up a

distributional recurrence for L). As Zj = Z?igl A;"“ Z,Ej ) it follows that

2¢-1 P
L=Y (Lfg‘) — kaNj+ 0y, —2) R (z,ﬁ”zv;ﬁk) ka) +7n + Dn

j=0 k=1
291 '
= Z IL%]) +7rn + Dy, (8)
§j=0
where
241 291 p '
Ty 1= 0p — Z 5Nj — kg, and D, :=2 Z Z?R (Z,(CJ) <Nj)"“ — (Ajn))"“)) .

§j=0 j=0 k=1

By the construction of the quadtree, (IL%O), . ,Mfd‘”) 4 (Eggg*, . ,Es\?dd_l)j, where
2¢ -1
(E,go)*)k sy (f/,(fd_l)*)k are independent copies of the process (L} )r>0. Note that
>0 >0 B
(Ng,...,Noa_q) and {U®™ : v € T\ {0}} are independent. Note however, that D,, and
d
(]LS{’), . ,]Lﬁ? _1)) are not stochastically independent, not even given (A, Ny, ..., Noa_1),

since both quantities involve 2,5 =0,...,2¢ —1,k=1,...,p.

23:7
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4.1 An asymptotic expansion for the variance
The remainder of this extended abstract is devoted to the proof of the following proposition.
» Proposition 4. There exists 0 < o4 < oo such that, as n — oo,

Var(L}) = oqn + o(n).

Of course, as d,, = o(y/n), the same asymptotic expansion applies to the variance of the
residual sequence L} — §,,. To prove the proposition, note that, from (8), straightforward

calculations reveal that, with a(n) := E [(L;)Q}, we have

291
a(n) = 2°E[a(No)] + E [r2] + E[DZ] + 2E [Dyr,] + 2E [Dn 3 w‘)]
j=0
=: 2%E[a(Ny)] + b(n). 9)

This is the quadtree recurrence (see Lemma 5 below). Our aim is to apply the asymptotic
transfer theorems for it developed in Chern, Fuchs, and Hwang[2]. To this end, we need to
understand the asymptotic behavior of the additive sequence b(n) in the last display. In
particular, we would like to use the following result from [2].

» Theorem 5 ([2], Theorem 2(i)). Consider the quadtree recurrence

an, = by, + 2% Z Tn,j0j, (n>1),
0<j<n

where ag = 0 and

Ty =P (No =) = ("j 1) /01 wi(1— u)"li((lc‘l)g_ul);ldu

If b, = o(n) and the series Y., -, b,/n* converges, then a, = kn + o(n) for some r € R.

For infinite sum representations of the limiting constant x, we refer to [2]. The theorem does
not exclude the case that x = 0, which explains the necessity of the following lemma, whose
proof is deferred to the Appendix B.

» Lemma 6. In the set-up of the previous theorem, assume that

(a) (i) by, is non-negative for all n, and (ii) b, is positive for at least one n, or
(b) (i) ay, is non-negative for all n, and (ii) b, is positive for all n large enough.
Then, a, = Q(n).

We also need the following two lemmas, where the first is a straightforward implication
of the multivariate central limit theorem for (Ny,..., Nya_;), while the technical proof of
the second lemma is given in the Appendix B.

» Lemma 7 (Multivariate central limit theorem). Let z € C with 1/2 < R(z) < 1. In

distribution, in c ,

(NOZ — (A()TL)Z de_l - (Agd_ln)z> . Xj

nF—1/2 nF—1/2

where X; = z - A77'Y; with Y = $Y2 . N, where N' = (No, ..., Naa_1) has the standard
multivariate normal distribution, (Ao, ..., Asa_q) and N are stochastically independent, and
the covariance matrix 3 satisfies

Ai(1=4y) ifi=j,
—AGA, if i j.

]
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» Lemma 8. We have the following asymptotic expansions:
(i) for any z € C with 0 < R(z) < 1 and € > 0, we have, as n — oo,

-1
E[NG] = E[Af]n* + 2(22 JE [(1—A0) A n* 7+ O(nh).
(ii) For any z € C with 1/2 < R(z) < 1 and fized p € N\ {0}, we have
z R(z z z)—
IN¢ — (Aon)®||, = 2] HA =) MH [Woll, nRE)=1/2 4 o(nR()=1/2).

(iii) For any z € C with 0 < R(z) < 1/2 and fived p € N\ {0}, we have
ING = (Aon)7[l,, = O(1).

The first step to show Proposition 4 is to verify that the contribution of the mixed term
in b(n) is asymptotically negligible.

» Lemma 9. As n — oo, we have E {D 22 71L(J) = O(n~1/2),

Proof. First of all, note that E [r2] = O(n?max(@r+1.0)) gince §,, = O (n™>(@r+1.9)) and
N; <nforallj=0,..,29—1. As Z,gj) and (N, A;) are stochastically independent, it
follows from part (i) of the previous lemma that

EN (Ajn)Ak)r} —E[|2] E[|N3* - (Aon)™ 2} = O(n2Y),

A standard application of the Cauchy-Schwarz inequality shows that E [D?L] = O(n?n-1),
Next, by independence of quantities defined in subtrees, we obtain

241 241

E[D, Z LY =2 Z E[L) Z?R( (N = am™)) | (10)
Conditionally on {Ng = ng, ..., Noa_1 = nga_1} where ng 4+ -+ nga_; = n — 1, we have
(i) the random variables (Ay, ..., Aya_y), (Zl(]), ey Z,()]) (j)) are stochastically independ-
ent, and

(i) (2{,..., 2, LY) is distributed like (Z1,..., 2Z,, L} ).
To estimate (10), consider the terms
) n—1
E [ng’m(z,g”(Njk — (Ajn)) } P (N E[L;R(Z,)] E [R (O — (A;m))]
=

'—‘O

) P(N; = O)E[L;S(Z0)]E [S (2 — (Am)™)] .

~
Il
o

By the trivial bound E[(L})?] = O(n?), it follows from the Cauchy-Schwarz inequality that
there exists a constant C' > 0 such that

max {E[LIR(Z)],E[L:S(Z2)]} < Cn.
Therefore,

‘IE [Lgm@;ﬂwjh - (Ajn)*k))H <20n ‘IE [Njk - (Ajn)*’“} -

23:9
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From part (i) of the previous lemma, it follows that the right hand side of (11) grows at
most of the order n®*. Overall, this shows that

2¢_1

E[Dn - ng)} = O(n™).
j=0

Combining the bounds on E [r2] ,E [D2] and the last display, Theorem 5 yields Var(L},) =
O(n). Repeating the last steps using this improved bound concludes the proof. <

The previous proposition suggests that the order of magnitude of the additive term in (9)
is max{n?max(ep+1.0) p2e1-11 For most values of d, we have 20y — 1 > 20ap41. Indeed, for
9 < d <10,000, there exist only 31 values ranging from d = 15 to d = 8598 for which the
converse is true. It is important to note that, for all d > 9, we have 2a; — 1 # 20,41 since
the contrary would imply that w + w1 — wPHl — wd=P~1 = 1/2 which is impossible since
the left hand side is an algebraic integer. In particular, in light of Theorem 5 and Lemma 6,
the following two propositions verifying that b(n) — oo are the missing pieces to conclude
the proof of Proposition 4.

» Proposition 10. Let a1 > 0, that is, d > 11 and

241
W= ST Ak =T (U + (- v,
i=0 i=1
Forx € R, let

®(z) := 2R (721 E [(1 — W)?] e2Pr+17) 4 2|7, |°E [|1 — WP .
® is a smooth periodic function with period 7/By41, amplitude 2|v,41]*|E [(1 — W)?] | and

min ®(z) = 2|y |* [E [|1 = W] = |E[(1 - W)?]|] > 0.

n

E [7‘2] = ®(log n)n?r+1  O(n+1Tor+2),
» Proposition 11. Let (A,Y) be as in Lemma 7 and stochastically independent of
z(0) z2'-1) ¢
12 . Set

241
w=3 nzParly,
§=0

For x € R, define
U(z) == 2R (E [W?] 2Fr017) 4 2E [ W] .
U is a smooth periodic function with period w/Bp+1, amplitude 2|E [WQ] | and

min ¥ (z) = 2 (&[] - [E [A2]]) > 0.

As n — oo, we have

E[D2] = ¥(logn)n?**~! + o(n?*11).
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The proofs of these propositions are very similar and we only present the proof of Proposition
11 which is more involved.

Proof of Proposition 11. By definition, ¥ has period 7/8,4+1. Next, for any z € C, it is
easy to see that the global maximum and minimum of the function x — R(z exp(iz)) are |z|
and —|z|. This implies the remaining claims on the shape of ¥. min,cg U(z) > 0 follows
from triangle inequality upon verifying that arg(W) is not almost surely constant. This, in

turn follows from that fact that, for any given (affine) line L C C, we have P (2, € L) = 0.

This is an immediate corollary of the fact that (R(Z1),S(Z1)) admits a density on R? (see
Proposition 3). For the asymptotic expansion of D,,, note that, following the steps involving
the Cauchy-Schwarz inequality and the bounds stated in the proof of Proposition 9, it is
straightforward to verify that

2
241

E[D2] =4E || Y (2 (N} —(map™)) | | + 0@,
=0

By the multivariate central limit theorem stated in Lemma 7, the first term is asymptotically
equivalent to ¥(logn)n?*1~1 which proves the expansion. <
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A Appendix A

Proof of Proposition 2. These arguments are well-known. By construction,

241
v v v Ak vJ vj
22— 3 (a0)" (20 2,
3=0

and therefore

A%v) =E Uzr(;jzl,k - Zv(zvl)c

]

(v) 0 P (0)) 22+ (v)
:Eli‘zn,k_znl,k‘ :| ZE|:(AJ ) :| ::Q'An—lv

Jj=0

where we used that the claims of part (i) and part (ii) of this proposition also hold if
Z,(CU) is replaced by ZT(IUI)C (from construction). As 0 < ¢ < 1, it immediately follows that

]EHZT(LU,)C‘Q],n > 1 is a bounded sequence. Since Zéij,)c,n > 1 is a martingale, the sequence
converges almost surely and in Ly by the Lso-convergence theorem for martingales. This
shows (6).
(i) and (i) follow from the construction (see the comment succeeding the above display).
(#i) follows from a standard contraction argument for probability measures on C with
mean 7 and finite second moment. Convergence of p-th moments is proved inductively using
p = 2 as base case; details will be given in the journal version of this paper. <

Proof of Proposition 3. Leckey [12] recently established a set of conditions under which
solutions of fixed-point equations such as (7) admit Schwartz densities. More precisely,
since we have already seen that Zj has finite moments of all orders, applying [12, Theorem
4.2] in conjunction with Remark 4.9 only requires to verify conditions (A1) - (A5) from
Definition 4.1. The only condition which is not trivially satisfied is (A4): the support of Z
ought to be in general position, that is, contain three points 21, 22, z3 which do not lie on a
line. For all z € [0, 1], the vector (x,1 —x,0,0,...,0) lies in the support of A. Therefore,
(x* (1 —2)**,0,0,...,0) lies in the support of A*x. Hence, for any z in the support of Zj,
also (z** + (1 — x)**)z lies in the support of Zj. As the support of Zj contains a non-zero
element and (. # 0, this concludes the proof. <

B Appendix B

Proof of Lemma 6. We start with part (a). Let ng be the first index such that b,,, > 0. Set

z 0, if 1 <n<mngp
bn + Qdﬂ-n,ngbnoa ifn Z ng + 1
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and denote by a, the corresponding sequence. Obviously, a, > @, and thus it suffices to
prove the claim for the sequence a@,. Note that by the above definition
~ logd n

anC 5 (n2n0+1)
n

for some positive ¢ > 0 since

1 logdn 1
ng = — - 1+0
T =g n ( + (logn>)

for fixed j (see Lemma 4 in [7]). We now claim that

- 1

for some d > 0 which will be chosen below. We prove this claim by induction. Clearly, the
claim is true for n = ng+ 1. Next, in order to prove the induction step, plug the above claim
into the recurrence for a,. This yields

1 1 logdn
~ d . d .
an2d2 E Wn,j(]+2(1_1>_d2 E W”fj(z]+2d_1>+c n

0<j<n 0<j<no+1
>d 1+ 2 +( dK)lOgdn
n— o c— —
= 2d — 1 n
1
>d —_
ST
where in the second estimate we used
291
20 N jemy=E[ Y N | =n-1
0<j<n £=0
and
1 log?n
d .
2N (5 gy ) <K

0<j<no+1

which follows from (12). Moreover, the last estimate follows if d is chosen such that
0 < d < ¢/K. This concludes the induction step and thus also the proof.

(b) Assume that b, > 0 for all n > ng. The claim follows from part (a) by setting

n —

i 0, ifl<n<ng,
bn, ifn >ng

and noting that the corresponding sequence a,, satisfies a,, > ay,. <

Proof of Lemma 8. Throughout the proof, let & = R(z). Further, here, and subsequently,
we write Bin(n — 1,u) for a random variable with binomial distribution with parameters
n —1 and w.

(i) By construction, Ay is distributed as exp(—I'*(d)), where I'*(d) is a random variable
with the Gamma distribution with density ((d — 1)!)~1t¢~ 1 exp(—t) for ¢ > 0. It follows that
Ay has density ((d —1)!)"!(—logt)4~! for t € (0,1). Hence,

|E [N§1jo,n-1+2)(A0)]| < E [Bin(n,n '*5)] " P (Ag < n ') < Cn~ ' logn.
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Next, by part (i) of the (well-known) postponed Lemma 12 below, we have

E [Ngl[n—1+5,1](A0)] =E [Agl[n—u—e)u (AO)] n®
z(z—1)
2

E [(1 —Ap) Ag_ll[n—lﬁ—a’l] (Ao)} n*7t 4 O(neil).

Dropping the indicators on the right hand side only adds a negligible error term as
|E [A§L[gn-1+5)(A0)]| < n(71 = =1+¢logn with a similar computation for the second
summand.

(i) We have

E[\Ng - (Aon)zﬂ
1/n
< 27((d —1)))~1(E [Bin(n — 1, 1/n)°?] + 1)/ (— logu)?~Ldu

0
1

+((d—1))! /1/ (=logu)™E [|(Bin(n — 1,u))” = (un)*["] du.

Part (ii) of Lemma 12 below shows that the integral in the second summand is bounded by
C/ (—logu)®~? ((un)p(‘kl/m + (un)paefcun) du = O(nPle=1/2),
1/n
As

1/n 1
[ (-loguttdu = (o)™ (14 O((logn) 1))
0
it follows that
ING = (Agn)?[l, = O (n71/2) .

This shows that the marginals in the mutivariate central limit theorem stated in Lemma 7
converge with respect to all moments. This shows (7). (i) follows along similar lines. <

» Lemma 12. Let z € C with 0 < o := R(z) < 1. We have the following asymptotic
exrpansions:

(i) for any e > 0 sufficiently small, as n — oo, uniformly in n=1T¢ <u <1,

2(z—1)

E[Bin(n,u)?] = (nu)® + 5

(1 —u) (nu)*~ ' +0(n=1).
(ii) For p € N\ {0}, there exists a constant C > 0 such that
EUBin(n,u)Z - (nu)‘z’p]
< C (To/m () + T jm (@) ((wn)? =D 4 (unjree=Cen) ).
Proof. (i) On [1/2,3/2], we have

z(z—1)

@ = 1) + (@)@ = 1),

¥=1+zz-1)+
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for some function v which is bounded on [1/2,3/2]. Let A = {Bin(n,u)/(nu) € [1/2,3/2]}.

Plugging = = Bin(n, u)14/(nu) into the last display and taking the expectation gives

E[Bin(n, u)*14] ) [Bin(”?”)lfl B 1} n z(z2— 1)E [(Bin(n, u)ly 1)2]

(nu)* nu

By Chernoff’s inequality, since u > n=!*¢ we have P(A) < Cjexp (—Cqn®) for some
universal constants C7,Cy > 0. Hence, dropping the indicator 14 in all expectations in the

last display adds a negligible error term.

(ii) For u < 1/n, we can bound E [Bin(n,u)**] < E [Bin(n,1/n)**] — E [P**] as
n — oo. (Here, P denotes a random variable with the Poisson distribution and mean one.)
Obviously, (nu)®* < 1. This shows one part of the inequality. For the more interesting case
u > 1/n, first observe that

E [‘Bin(n, u)® — (nu)® ’p}

Bin(n,u)

Bin(n,u)* - log
nu

< 2F <]E [|IBin(n,u)* — (nu)*|"] + E [
=: Qk(fl(ua n) + f2(ua n))

1)

Set E,, = {Bin(n,u) > (nu)/2} and define

fi(u,n) = E[Bin(n, u)* — (nu)*’ 1g,] + E [|Bin(n, u)® — (nu)*|” 15 |
=: g1(u,n) + hi(u,n),

and

fo(u,n) =E HBin(M)a Jog W

p
1)

Bin(n, u)
nu

+E HBin(n7 u)® - log

p

We now give bounds on g1, g2, hy and ho. Let o(t) = (14 ¢)®. Then, |¢'(t)] < a2!~* for all
t > —1/2. Thus, by the postponed Lemma 13 below,

() = (o [ (PR =0y

< (@2 )P (nu)P " YE [|Bin(n, u) — nu|?] < C(un)Pe=/2)

=: ga(u,n) + ha(u,n),

for some C' > 0. Next, we consider go. Let t(t) = t*|logt|. As ¢’ is bounded on [1/2, ),

by, say C7 > 0, we have

Bin(n,u) — nu)p }
—— | 1g,
nu

mmmWM%@(

< Oy (nu)P@VE [|Bin(n, u) — nulP] < Cy(un)P@=1/2),
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for some Cy > 0. Next, by the Cauchy-Schwarz inequality and the postponed Lemma 13
below,

1/2
hi(u,n) <E [|Bin(n,u) - nu|2pa} P(ES)Y?
<O (nu)pa/Qefc'un
for some C' > 0. Since ¢ in bounded on [0, 1] by, say C' > 0, we also have

Bin(n,u)>P1Ec] < (nu)ore—Cun.
nu n

ha(um) < (nu)*"E [w (

This concludes the proof. |

» Lemma 13. For any real r > 1 there exists a constant C > 0 such that, for allm > 1 and
u € [0, 1], we have

E [|Bin(n, u) — nu|"] < C(nu)™2.

Proof. By Jensen’s inequality, we may restrict ourselves to the case of integer r. Using
Bernstein’s inequality, we obtain

E [|Bin(n,u) — nu|"] = r/ y" P (|Bin(n, u) — nu| > y) dy
0

o N y2
< - S D I
_r/o 4 exp( 2nu+2y/3> Y

6nu y2 e’}
S 7“/ y"lexp (—) dy + r/ y e Vdy.
0 6np 6nu

Sustituting = = y/v/6nu, one finds that the first term is bounded by C(nu)*/? for all n > 1
and u € [0, 1]. The second summand is O(exp(—anp)) for any a < 6. <
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