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Abstract

In Bhatt and Roy’s minimal directed spanning tree construction for a random, partially
ordered set of points in the unit square, all edges must respect the ‘coordinatewise’ partial
order and there must be a directed path from each vertex to a minimal element. We study
the asymptotic behaviour of the total length of this graph with power-weighted edges. The
limiting distribution is given by the sum of a normal component away from the boundary
plus a contribution introduced by the boundary effects, which can be characterized by a
fixed-point equation, and is reminiscent of limits arising in the probabilistic analysis of
certain algorithms. As the exponent of the power weighting increases, the distribution
undergoes a phase transition from the normal contribution being dominant to the boundary
effects being dominant. In the critical case in which the weight is simple Euclidean length,
both effects contribute significantly to the limit law.
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1. Introduction

Recent interest in graphs, generated over random point sets consisting of independent
uniform points in the unit square by connecting nearby points according to some deterministic
rule, has been considerable. Such graphs include the geometric graph, the nearest-neighbour
graph and the minimal-length spanning tree. Many aspects of the large-sample asymptotic
theory for such graphs, when they are locally determined in a certain sense, are by now quite
well understood. See, for example, [8], [11], [16], [17], [21], [22], and [23].

One such graph is the minimal directed spanning tree (MDST), which was introduced by
Bhatt and Roy in [5]. In the MDST, each point x of a finite (random) subset 4§ of (0, 112 is
connected by a directed edge to the nearest point y € 8§ U {(0, 0)} such that y # x and y <™ x,
where y <* x means that each component of x — y is nonnegative. See Figure 1 for a realization
of the MDST on simulated random points.

Motivation comes from the modelling of communications or drainage networks (see [5], [14],
and [18]). For example, consider the problem of designing a set of canals to connect a set of hubs
so as to minimize their total length subject to the constraint that all canals must flow downhill.
The mathematical formulation given above for this constraint can lead to significant boundary
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FIGURE 1: Realizations of the MDSF (left) and MDST (right) on 50 simulated uniform random points in
the unit square, under the partial ordering ‘<*’.

effects due to the possibility of long edges occurring near the lower and left-hand boundaries of
the unit square; these boundary effects distinguish the MDST qualitatively from the standard
minimal spanning tree and the nearest-neighbour graph for point sets in the plane. Another
difference is the fact that there is no uniform upper bound on vertex degrees in the MDST.

In the present work, we consider the total length, with power-weighted edges, of the MDST
on random points in (0, 1]?, as the number of points becomes large. We also consider the total
power-weighted length of the minimal directed spanning forest (MDSF), which is the MDST
with edges incident at the origin removed (see Figure 1 for an example). In [5], Bhatt and Roy
mentioned that the total length is an object of considerable interest, although they restricted their
analysis to the length of the edges joined to the origin (subsequently also examined in [14]). A
first-order result for the total power-weighted length of the MDST or MDSF is a law of large
numbers; this was given in [13] for a family of MDSFs indexed by partial orderings on R?,
which include ‘<™’ as a special case.

In this paper we are mainly concerned with establishing second-order results, i.e. weak
convergence results for the distribution of the total power-weighted length, suitably centred and
scaled, when the partial order is ‘<*’. For the length of edges from points in the region away
from the boundary, we prove a central limit theorem. The boundary effects are significant,
and near the boundary the MDST can be described in terms of a one-dimensional, on-line
(i.e. sequentially generated) version of the MDST which we call the directed linear tree (DLT),
and which we examine in Section 3. In the DLT, each point in a sequence of independent
uniform random points in an interval is joined to its nearest neighbour to the left, amongst
those points arriving earlier in the sequence. This DLT is of separate interest in relation to, for
example, network modelling and molecular fragmentation (see [4], [3], and references therein).

In Theorem 3.1 we establish that the limiting distribution of the centred total length of the
DLT is characterized by a distributional fixed-point equation which resembles those encountered
in the probabilistic analysis of algorithms such as Quicksort [6]. Such fixed-point distributional
equalities, and the so-called ‘divide and conquer’ or recursive algorithms from which they arise,
have received considerable attention recently; see, for example, [7], [10], [19], and [20].

Our weak convergence results (Theorem 2.1) demonstrate that, depending on the value
chosen for the weight exponent of the edges, there are two regimes — one in which the boundary
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effects dominate and one in which those edges away from the boundary are dominant — and
that there is a critical value (when we take simple Euclidean length as the weight) for which
neither effect dominates.

In the related paper [14], we give results dealing with the weight of the edges joined to
the origin, including weak convergence results in which the limiting distributions are given in
terms of some generalized Dickman distributions. Subsequently, it has been shown [1] that
this two-dimensional case is rather special: in higher dimensions the corresponding limits are
normally distributed. Reference [14] also deals with the maximum edge length of the MDST
(the maximum length of those edges incident at the origin was dealt with in [5]).

In the next section we give formal definitions of the MDST and MDSF and state our main
results (Theorem 2.1) on the total lengths of the MDST and MDSF. The results on the DLT
which we present in Section 3 and the general central limit theorems which we present in
Section 4 are of some independent interest.

2. Definitions and main results

We work in the same framework as [14]. Here we briefly recall the relevant terminology.
See [14] for more details.

Suppose that V is a finite set endowed with a partial ordering ‘<’. A minimal element, or
sink, of V is a vertex vg € V for which there exists no v € V \ {vg} such that v < vg. Let Vy
denote the set of all sinks of V.

The partial ordering induces a directed graph G = (V, E), with vertex set V and with edge
set E consisting of all ordered pairs, (v, u), of distinct elements of V suchthatu < v. A directed
spanning forest (DSF) on V is a subgraph T = (Vr, E7) of (V, E) such that (i) V7 = V and
E7r C E and, (ii) for each vertex v € V \ V), there exists a unique directed path in 7 that starts
at v and ends at some sink # € Vp. In the case in which Vj consists of a single sink, we refer
to any DSF on V as a directed spanning tree (DST) on V. If we ignore the orientation of edges
then (see [14]) a DSF on V is indeed a forest and if there is just one sink then any DST on V
is a tree.

Suppose that the directed graph (V, E) carries a weight function w: E — [0, 00) on its
edges. If T is a DSF on V then we set w(T) := ZeeET w(e). A minimal directed spanning
forest (MDSF) on V is a directed spanning forest T on V such that w(T) < w(T’) for every
DSF T’ on V. If V has a single sink then a minimal directed spanning forest on V is called a
minimal directed spanning tree (MDST) on V.

For v € V, we say that u € V \ {v} is a directed nearest neighbour of v if u < v and
w,u) < w(v,u') for all u’ € V \ {v} such that u’ < v. Foreach v € V \ V, let n,
denote a directed nearest neighbour of v (chosen arbitrarily if v has more than one directed
nearest neighbour). Then (see [14]) the subgraph (V, Ey) of (V, E), obtained by taking
Ey = {(v,ny): v € V\ Vp}, is an MDSF of V. Thus, if all edge weights are distinct, the
MDSF is unique and is obtained by connecting each nonminimal vertex to its directed nearest
neighbour.

The partial order that we consider here is the same as in [5], and we denote it by ‘<*’. In
this case, u <* v for u = (uy, up) and v = (vy, v2) if and only if u; < vy and up < vp. This
is sometimes called the ‘coordinatewise’ partial order. The symbol ‘<’ will denote a general
partial order on R

The weight function is given by power-weighted Euclidean distance; i.e. to the edge
(u,v) € E we assign weight w(u, v) = |ju — v||%, where || - || denotes the Euclidean norm
on R? and « > 0 is an arbitrary fixed parameter. Thus, when o = 1 the weight of an edge is
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simply its Euclidean length. Moreover, we shall assume that V C R? is given by V = § or
V = 80 := § U {0}, where 0 is the origin of R? and 4 is generated in a random manner. The
random point set 4 will usually be either the set of points given by a homogeneous Poisson
point process, &, of intensity n on the unit square (0, 112, or a binomial point process, X,
consisting of # independent, uniformly distributed points on (0, 1]°.

Note that in this random setting, each point of § almost surely has a unique directed nearest
neighbour, meaning that V has a unique MDSF, which does not depend on the choice of «.
Denote by L£%(8) the total weight of all the edges in the MDSF on 4, and let LY(8) =
LY(8) — E[L¥(8)], the centred total weight.

Our main result (Theorem 2.1) presents convergence in distribution for the partial order
‘<™, the limiting distributions are of different types in the three cases « = 1 (the same
situation as [5]),0 < o < 1, and o > 1. We define these limiting distributions in Theorem 2.1,
in terms of distributional fixed-point equations. These fixed-point equations are of the form

k
x2 ZA,X{”+3, (2.1
r=1
where k € N; XU} r = 1,... k, are independent copies of the random variable X; and
(A, ..., Ak, B) is arandom vector, independent of (X m . x {k}), satisfying the conditions
k
E [Z |A,|2] <1, E[B] = 0, E[B?] < 0. (2.2)
r=1

(By ‘2’ we denote equality in distribution.) Theorem 3 of Rosler [19] (proved using the
contraction mapping theorem; see also [10] and [20]) says that if (2.2) holds, there is a unique
square-integrable distribution with mean O satisfying the fixed-point equation (2.1); this will
guarantee uniqueness of solutions to all the distributional fixed-point equalities considered in
the sequel.

We define our random variables of interest as (unique) solutions to distributional fixed-point
equations. Ineach of these equations, U denotes a uniform random variable, and all the different
random variables on the right-hand sides are independent.

Define D; by

Dy 2ub!" + (1 —U)D® + UlogU + (1 — U)log(1 — U) + U. 2.3)

In Section 3.4, we give a plot (Figure 2) of the probability density function of this distribution,
estimated by simulation. We shall see later (in Propositions 3.5 and 3.6) that E[[)l] =0 and
var[D;] = 2 — n%/6; higher-order moments may be obtained recursively from (2.3). For
example, E[Df] ~ 0.154 11, which shows that D is not Gaussian and is consistent with the
skewness of the plot in Figure 2.

For o > 1, define [)o, by

Du 2 U“D) 4+ (1= 1) DI + =

Ui (-0 - —— Q4
1 oa—1 a—1" '

Also for o > 1, let F,, be defined by

u“ 1-0)* 1

Fu ZUFy+(1-U)*D -
“ a ) a+a(a_1)+ oa—1 ala—1)

; 2.5
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where D, has the distribution given by (2.4). In Section 3 we shall see that for ¢ > 1 the
random variables D, and F), arise as centred versions of random variables (denoted by Dy and
F,, respectively) satisfying somewhat simpler fixed-point equations. Thus, Dy and F, both
have mean 0; their variances are given by (3.22) and (3.24), below.

. . . . D,
Let N (0, s2) denote the normal distribution with mean 0 and variance s2, and let ‘— denote
convergence in distribution.

Theorem 2.1. For a > 0 and partial order ‘<*’, there exist constants ty and so, 0 < t2 < s2,
such that, for normal random variables Yy, ~ N (0, sg) and Wy, ~ N (O, tozl), the following

statements hold.

(i) Asn — oo,

n@ V2P0 %y, and n@VREN(XY) DS W, O<a <1, (26)

L@ S DM+ D 4y, and £'(x% > DM 4+ D 4w, Q2.7)
2P0 2 B 4 B and B D BV +DY,  as=1. @8
Here all the random variables in the limits are independent, and D&”, i =1,2 are

independent copies of Dy as defined in (2.3) fora« = 1 and (2.4) for a > 1.

(ii)) Asn — oo,

n@D2gepy Sy, and n@V2EYX,) > W,, O<a<l, (29)
L' @) > DM+ D 1y and £'(%,) > DM+ DI 4+ wy, (2.10)
LYP) > FV + F2 and £%(X,) > FV + Fo{f}, a>1. (211

Here all the random variables in the limits are mdependent D , 1 = 1,2, are inde-
pendent copies of D1 as defined in (2.3), and, for o > 1, Fal}, i = 1,2, are independent
copies of Fy as defined in (2.5).

Remarks 2.1. The normal random variables Y,, and W,, arise from the edges away from the
boundary (see Section 5). The nonnormal variables (the Dys and Fys) arise from the edges very
close to the boundary, where the MDSF is asymptotically close to the ‘directed linear forest’
discussed below in Section 3.

Theorem 2.1 indicates a phase transition in the character of the limit law as « increases.
The normal contribution (from the points away from the boundary) dominates for 0 < o < 1,
while the boundary contributions dominate for ¢ > 1. In the critical case, « = 1, neither effect
dominates and both terms contribute significantly to the asymptotic behaviour.

Noteworthy in the case « = 1 is the fact that, by (2.7) and (2.10), the limiting distribution is
the same for £!(,) as for £! (?,?), and the same for £1(X,,) as for £! (Xg). Note, however,
that the difference £ ! () — L1 (J’,?) is the (centred) total length of edges incident at the origin,
which is not negligible, but itself converges in distribution (see [14]) to a nondegenerate random
variable, namely a centred generalized Dickman random variable with parameter 2 (see (3.14),
below). As an extension of Theorem 2.1, it should be possible to show that the joint distribution
of (L1(Py), ﬁl(?,? )) converges to that of two coupled random variables, both having the
distribution of D;, whose difference has the centred generalized Dickman distribution with
parameter 2; likewise for the joint distribution of (L1 (), £ (X9)).
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The remainder of the paper is organized as follows. After a discussion of the DLT in Section 3,
in Section 4 we present general limit theorems in geometric probability, which we shall use in
obtaining our main results for the MDST. The proof of Theorem 2.1 is prepared in Sections 5
and 6 and completed in Section 7. In these proofs, we repeatedly use Slutsky’s theorem (see, for
example, [11]) which says that if X, 2 X and Y, 50 (i.e. Y, converges to 0 in probability),
then X,, + Y, > X. For brevity, we omit details of some proofs. More details can be found in
the longer version of this paper, which is available electronically [13].

3. The directed linear forest and tree

The directed linear forest and directed linear tree are for us tools for the analysis of the
limiting behaviour of the contribution to the total weight of the random MDSF or MDST from
edges near the boundary of the unit square. In this section we derive the properties of the DLF
that we need (in particular Theorem 3.1); subsequently, in Theorem 6.1, we shall see that the
total weight of edges from the points near the boundaries converges in distribution to the limit
of the total weight of the DLF, as n — oo.

The DLT is also of some intrinsic interest. Itis a one-dimensional directed analogue of the so-
called ‘on-line nearest-neighbour graph’, which is of interest in the study of networks such as the
World Wide Web (see, e.g. [4]; also see [12] and [15] for more on the on-line nearest-neighbour
graph). Moreover, the DLT is constructed via a fragmentation process similar to those seen in,
for example, [3]; the tree provides a historical representation of the fragmentation process.

For any finite sequence 75, = (x1, X2, ..., xp) € (0, 1], we construct the directed linear
forest as follows. We insert the points x; in order, one at a time, starting with i = 1. At the
insertion of each point, we join the new point to its nearest neighbour among those points already
present that lie to the left of the point (provided that such a point exists). In other words, for
each point x;, i > 2, we join x; by a directed edge to the point max{x;: 1 < j <i, x; < x;}.
If {x;: 1 <j <i, xj <x;}is empty, we do not add any directed edge from x;. In this way
we construct the so-called directed linear forest, which we denote by DLF(7;,). We denote the
total weight (under weight function with exponent o) of DLF(7,) by D*(73,), that is, we set

m
D% (Ty) == Z(xi —max{x;: 1 <j<i, x; <x;D*Hmin{x;: 1 < j <i} <x;}.
i=2

Here we will take 7, to be random. In this case, set DY (Tm) := D*(T,,) — E[D*(T;)], the
centred total weight of the DLF. In particular, let (X, X2, X3, ...) be asequence of independent,
uniformly distributed random variables in (0, 1], and for m € N set U,, := (X1, X2, ..., Xim)
and u% = (0, X1, Xo, ..., X;»). We consider D*(U,,) and D“(‘L(gl). Note that the DLF on
UL will always be a tree rooted at 0, and in this case we call it the directed linear tree.

For the random variables D*(U,,) and D“ (‘ugl) we establish asymptotic behaviour of the
mean value in Propositions 3.1 and 3.2, along with the following convergence results, which
are the principal results of this section.

For o > 1, let D, denote a random variable with distribution characterized by

Dy 2 U*DM + (1 —U)*DP + U, (3.1)

where U is uniform on (0, 1) and independent of the other variables on the right-hand side.
Also for « > 1, let F,, denote a random variable with distribution characterized by

Fy Z U%Fy + (1 — U)* Dy, (3.2)
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where U is uniform on (0, 1), D, has the distribution given by (3.1), and U, the D,, and
the F,, on the right-hand side are independent. The corresponding centred random variables,
ﬁa .= D, — E[D,] and ﬁa := Fy — E[Fy], respectively satisfy (2.4) and (2.5). The solutions
to (2.4) and (2.5) are unique by the criterion given in (2.2), and hence the solutions to (3.1)
and (3.2) are also unique. For p = 1, 2, let ‘—1»’ denote convergence in pth mean.

Theorem 3.1. (i) As m — o0 we have~ﬁ1(‘ug1) — 2 ﬁl and Dl(um) — 2 I:"l, where Dl
has the distribution given by (2.3) and F\ has the same distribution as D). Also, the variance
of Dy (and hence also of Fy) is 2 — % /6 ~ 0.355066. Finally, cov(Dy, F{) =7/4 —n%/6 ~
0.105 066.

(i) For a > 1, as m — 00 we have D“(‘ug,) — Dy almost surely and in L? and
D¥(U,,) — Fy almost surely and in L?, where the distributions of Dy and F, are respectively
given by (3.1) and (3.2). Also, E[Dy] = (@ — 1)~ and E[F,] = (a(cx — 1)) ™', while var(Dg)
and var(Fy) are respectively given by (3.22) and (3.24), below.

Proof. Part (i) follows from Propositions 3.5, 3.6, and 3.7, below. Part (ii) follows from
Propositions 3.3 and 3.4. We prove these results in the following sections.

An interesting property of the DLT, which we use in establishing fixed-point equations for
limit distributions, is its self-similarity (scaling property). In terms of the total weight, this says
that, for any t € (0, 1), if Yy, ..., Y}, are independent and uniformly distributed on (0, ¢], then
the distribution of D*(Y1, ..., Y,) is the same as that of t1* D* (X1, ..., X,).

3.1. The mean total weight of the DLF and DLT

First we consider the rooted case, i.e. the DLT on ‘119”. For m € N, denote by Z,, the
random variable given by the gain in length of the tree upon the addition of one point, X,,, to an
existing m — 1 points in the DLT on a sequence of uniform random variables ‘L(?n_l; i.e. with
the conventions D' (‘ug) = 0and X¢ = 0, we set

Zm :=D"UY) — D'(US_)) =X, —max{X;:0<j<m X; < Xp) (3.3)

Thus, with weight exponent «, the mth edge to be added has weight Z¢.

Lemma 3.1. (i) Z,, has distribution function Fy,, given by F,,(t) = 0 fort <0, F,,(t) = 1
fort > 1L, and Fy () =1 -1 —=1t)"for0 <t < 1.

@ii) For B > 0, Z,, has moments

Cm+ D1+ B)

E Z = . 3.4
Il’l pal ticula’,
E Z = — var Z = (3 5)
[ ﬂl] ]’ [ nl] ( ])2( 2)~ .

(iii) For B > 0, as m — oo we have
E[Z1~T1 + gym™. (3.6)

i AS m oo, mZm converges in distribution to an ex, onential random variable Wlﬂ’l
v - g p
pammeter 1.
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Proof. For0 <t < 1, we have
P(Z, > t]=P[X,, > tand none of X1, ..., X;,_1 liesin (X, — ¢, X,;)1 = (1 — )",
and (i) follows. We then obtain (ii), since for any 8 > 0 we have

IF'm+ DA+ )
rad+g+m

1 1
E[ij,]:/ P[Z >t1/’3]dt:/ (1 — 1By =
0 0

Then (iii) follows by Stirling’s formula. For (iv), we have from (i) that, for r € [0, co0) and m
large enough that r/m < 1,

t t\"
P[mngt]:Fm(—):1—<l——> —1—e, asm — oo.
m m

However, 1 —e™, t > 0, is the exponential distribution function with parameter 1.

Note that Z,, has the same distribution as the spacing S} (see Section 3.2). The following
result gives the asymptotic behaviour of the expected total weight of the DLT. Let y denote

Euler’s constant, whence
k

Z%—logk:y—l—O(k_l). (3.7)

i=1

Proposition 3.1. As m — 00, the expected total weight of the DLT on ‘ug, satisfies

E[D%(U°)] ~ @m“, O<a<l, (3.8)
E[D'(U%)] —logm — y — 1, (3.9)
E[D*(U%)] = alj +om'™), a>1l. (3.10)

Proof. We have

ELD”(Uf)] = Y (ELD*(UD)] — E[D (W) = Y EIZ{].
i=1 i=

Fora = 1,E[Z;]= (i + D! by (3.5), and (3.9) follows from (3.7). For a general o > 0, with
o # 1, from (3.4) we have

E[D“(u&)] T+ Z ra+1) _ 1 rat+o)l'(m+2) G.11)
i=1

Frd+a+i) a—1 (@—DI(m+1+a)

which can be proved by induction on m. By Stirling’s formula, the last term satisfies

Fd+elm+2)  TI'l+a)

_ Y »
@—Dlm+1+a)  a—1" (I+0@m™)), (3.12)

which, for « > 1, tends to 0 as m — oo, to give us (3.10). For ¢ < 1, we obtain (3.8)
from (3.11) and (3.12).
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Now consider the unrooted case, i.e. the DLF. For U,, as above, the total weight of the DLF
is denoted by D*(U,,), and the centred total weight by D*(Uyp) := D*(Uy) — E[D* (Uw)].
We then see that

D*(UY) = D*(Up) + LE(U). (3.13)

where £8(u21) is the total weight of edges incident at 0 in the DLT on ‘u%.

The following lemma says that £8‘(U31) converges to a random variable that has the
generalized Dickman distribution with parameter 1/« (see [14]), that is, the distribution of
a random variable X which satisfies the distributional fixed-point equation

X 2 U%1 + X), (3.14)

where U is uniform on (0, 1) and independent of the X on the right-hand side. We recall from
Proposition 3 of [14] that if X satisfies (3.14), then

o+2
202

1
E[X]=— and E[X’]= (3.15)
o
Lemma 3.2. Let « > 0. There is a random variable £8‘, with the generalized Dickman
distribution with parameter 1/a, such that as m — 0o we have £‘5(u21) — L§ almost surely
and in L>.
0

m?>

Proof. Letép (‘l,(?n) denote the degree of the origin in the directed linear tree on U
that §p (‘L(?,l) is the number of lower records in the sequence (X1, ..., X;,). Then

implying

LE(Up) = U + (U1U2)* + -+ Uy -+ Us 0 )%,

where (Uy, U, .. .) is a certain sequence of independent, uniform random variables on (0, 1),
namely the ratios between successive lower records of the sequence (X,). The sum U} +
(U1U2)¥*+(U1ULU3)*+- - - has nonnegative terms and finite expectation, so it converges almost
surely to a limit, which we denote £8‘. Then £8‘ has the generalized Dickman distribution with
parameter 1/« (see Proposition 2 of [14]).

Since § D(U?,,) tends to oo almost surely as m — oo, we have £‘6‘(u21) — L{ almost
surely. Also, E[(£L&)?] < oo by (3.15), and (L& — LE(UL)? < (LX)? for all m. Thus,
E[(ch(‘ug,) — £3‘)2] — 0 by the dominated convergence theorem, from which the required
L?-convergence also follows.

Proposition 3.2. As m — 00, the expected total weight of the DLF on U,, satisfies

E[D*(Uyp)] ~ %ml_“, O<a<l, (3.16)

E[D"(Uy)] —logm — y — 2, (3.17)

E[D*(Uyp)] — ;, o> 1. (3.18)
ala—1)

Proof. By (3.13) we have E[D*(U,,)] = E[D*(UY)] — E[£E(UY)], and by Lemma 3.2
and (3.15) we have
E[£8(U%)] — E[£L3] = 1/a.

We then obtain (3.16), (3.17), and (3.18) from Proposition 3.1.
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In the following sections we present the limiting behaviour of the DLT or DLF in the cases
a = land @ > 1. The case @ < 1 does not concern us here. However, a divide and conquer
approach, as used in [15] to prove a limit theorem for the total weight of the on-line nearest-
neighbour graph on (0, 1) when % < a < 1, can be used to give a similar result for the DLT or
DLF.

3.2. Orthogonal increments for o = 1

In this section we shall show (in Lemma 3.5) that when o = 1, the variables Z;, i > 1, are
mutually orthogonal, in the sense of having zero covariances, which fact will be used later on
to establish convergence of the (centred) total length of the DLT. To prove this, we first need
some further notation.

Given X1, ..., X,;, letusdenote the order statistics of Xy, ..., X,,, taken in increasing order,
as X’(“}) X’(’é), .. ’ . Thus, (X(l), (2), e, X:’r’n)) is a nondecreasing sequence forming a
permutation of the orlgmal (X1, ..., X;m). Denote the existing m + 1 intervals between points
by I := (X 1),X( ), j=1,2,. m—i—lwherewesetX(O)'_OandX y i=1. Let
the widths of these 1ntervals (the spacmgs) be

(m+1

=|]]’.”|—X'” X’(’; 1y I<j<m+1.

)
Then 0 < S;." <lforl <j<m+1,and ZT:II S;.” = 1, i.e. the vector (S{", S7', .. S”’+1)
belongs to the m-dimensional simplex A,,. Note that only m of the S;” are required to specify
the vector.

We can arrange the spacings themselves (i.e. ST, 1 < j < m+1) into increasing order to give
Sf’}), S(’z’), e S::’n 41y Then let F¢" denote the o-field generated by these ordered spacings,
ie Fg' (S(’l'), . (m 1)) The following interpretation of F¢" may be helpful. The set
O, 1) \ {(X1,..., X } cons1sts almost surely of m + 1 connected components (‘fragments’) of
total length 1, and F¢" is the o-field generated by the collection of lengths of these fragments,
ignoring the order in which they appear.

By definition, the value of Z,, must be one of the (ordered) spacings S"{>, el Sf’fn +Dy The
next result says that, given the values of these spacings, each of the possible values for Z,, is
equally likely.

Lemma 3.3. Form > 1, we have
1 .
P(Z,, = S(t) | ?Sm] = m——i-l almost surely, fori =1,...,m+ 1. (3.19)
Hence,
m+1
E[Zn | #§'] +1 Z St = m+1 (3.20)

Proof. We know that (87", ..., o +1) is uniform over the m-dimensional simplex A,,. In
particular, the S;." are exchangeable. Thus, given S(l), R S(m +1y ie. Fn < the actual Values
ofn ST, .. .’;lSl’n” 41 are equally likfﬂy to be any permutation of Sf"), o S?rln L1 and, given
ST S e the value of Z,, is equally likely to be any one of S{*,..., ]’ (but cannot
be Sm+l)

Hence, given S(l), R S(m+l)’ the probability that Z,, = S(l) is(1/m) x m/(m+ 1) =

1/(m + 1), yielding (3.19); (3.20) then follows from Zm+ Sy =1
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Lemma 3.4. Let 1 <m < £. Given .?'Sm, Z¢ and Z,, are conditionally independent.

Proof. Given F, S’”, we have SZ’{), o, S& 4y and by (3.19) the (conditional) distribution of
Z,, is uniform on {SE’I’), cee, S& +])}. Furthermore, given ¥¢", the conditional distribution of
Z¢, £ > m, depends only on Sf’}), R S?}Hl), and not which one of them Z,, happens to be.
Hence, Z,, and Z, are conditionally independent.

Lemma 3.5. For 1 < m < {, the random variables Z,, and Z; satisfy cov(Z,,, Z¢) = O.

Proof. From Lemmas 3.4 and 3.3,

1
E[ZnZo | F§'1 =E[Zn | FS'1EIZe | F5'1 = R E[Z, | F§"],

and by taking expectations we obtain

1 1 1
E[Z,,Z¢] = —— E[Z] = ———— = E[Z,] E[Z,].
[ZmnZ:] erl[e] M1+ [Zm] E[Z¢]

Hence, the covariance of Z,, and Z; is 0.

3.3. Limit behaviour for o > 1
We now consider the limit distribution of the total weight of the DLT and DLF. In this
section we consider the case of a-power-weighted edges with & > 1; that is, we prove part (ii)
of Theorem 3.1. To describe the moments of the limiting distribution of D% (‘1121) and D% (U,),
we introduce the notation
Ca+1)

1
J(a) :=f w1 —w)dy =2"1"2 g — "~ (3.21)
0 IN'la + 2)

We start with the rooted case, D% (‘ll?n), and subsequently consider the unrooted case, D*(U,,).

Proposition 3.3. Let o > 1. Then there exists a random variable Dy such that, asm — 00, we
have D“(‘L{%) — Dy almost surely and in L?. Also, Dy satisfies the distributional fixed-point
equality (3.1). Furthermore, E[Dy] = 1/(a — 1) and

a( —24+2Qa + 1)J(a))

variDe) = —— 950 = 1)

(3.22)

Proof. Let Z; be the length of the ith edge of the DLT, as defined in (3.3). Let D,
Y2, Z¢. The sum converges almost surely, since it has nonnegative terms and, by (3.6), has
finite expectation for « > 1. By (3.6) and the Cauchy—Schwarz inequality, there exists a
constant, C, 0 < C < o0, such that

oo

o0 (oo o]
E[D}] = Z E[ZfZ1<C)Y Y i®j™
j=1

i=1j=1

sincea > 1. The stated L>-convergence then follows from the dominated convergence theorem.
Taking U = X here, by the self-similarity of the DLT we have

D*(Up,) = U D (UR) + (1 — U)* Dy (U, _y) + U, (3.23)
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where N ~ Bin(m — 1, U), given U, and, given U and N, Df‘ (u ) and D }(‘u Z1-n)
are independent and have the distributions of D‘)‘(‘uO ) and D‘)‘(‘uO 1-N)> respectlvely. As
m — 0o, N and m — N both tend to oo almost surely; thus, by taking m — oo in (3.23), we
obtain the fixed-point equation (3.1).

The identity E[D,] = (o — 1)~! is obtained either from (3.10) or by taking expectations
in (3.1). Next, if we set Da = Dy —E[Dy], (3.1) yields (2.4). Then, using the definition, (3.21),
of J(a), the fact that E[ﬁa] = 0, and independence, from (2.4) we obtain

2E[D2] a+1 9@ 1
2a+1  (@—=1)2Qa+1)  (@—12 (a—1?

E[D2] =

Rearranging this gives (3.22).

Recall from Lemma 3.2 that .£J is the limiting weight of edges attached to the origin in the
DLT on uniform points. Combining this fact with Proposition 3.3, we obtain a similar result to
the latter for the unrooted case, as follows.

Proposition 3.4. Let « > 1. There is a random variable Fy, satisfying the distributional
fixed-point equality (3.2), such that as n — oo, D*(U,) — Fy almost surely and in L>.
Furthermore, E[Fy] = 1/(a(a — 1)) and

a+2QRa+ 1)J(a) —

2
202(a — 1)2 ’ (3.24)

1
var(Fy) = % var(Dy) +

where J (@) is given by (3.21) and var(Dy) by (3.22).

Proof. By Lemma 3.2 and Proposition 3.3, there are random variables D,, and 063 such that,
asm — oo, we have D*(UY,) — ;2 Dy and LE(UY) — ;2 L&, with almost-sure convergence
in both cases. Hence, with Fy, := Dy — £, by (3.13) we have

D¥(U,,) = D“(‘ugl) - (u ) = F, almost surely and in L?. (3.25)

Next we show that F; satisfies the distributional fixed-point equality (3.2). The self-
similarity of the DLT implies that

D*(Up) Z U*D*(Un) + (1 = U DU _,_ ), (3.26)

where N ~ Bin(m — 1, U), given U, and D*(Uy) and D“(‘ugn_l_N) are independent, given
Uand N. Asm — oo, N and m — N both tend to co almost surely, so by taking m — oo
in (3.26) and using Proposition 3.3 and (3.25), we obtain the fixed-point equation (3.2).

The identity E[ F,,] = o' (@ — 1)~ ! is obtained either from (3.18) or by taking expectations
in (3.2) and using the formula for E[D,] of Proposition 3.3. Then, with Fa = F, — E[F,],
we obtain (2.5) from (3.2), and, using independence and the fact that E[I:"a] = E[ﬁa] =0, we
obtain

2a BIF2) = E[D2] 2aJ(a)—1 a+1
20 + 1 204+1  o2(a@—-12  o2(a—1D2Qa+1)’
which yields (3.24).
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3.4. Limit behaviour fora =1

Unlikeinthe case« > 1, fora = 1 the mean of the total weight DY( ‘u‘,)n) divergesasm — oo
(see Proposition 3.1), so clearly there is no limiting distribution for D' (‘u?n). Nevertheless, by
using the orthogonality of the increments of the sequence (Dl(‘u%), m > 1), we are able to
show that the centred total weight, D! (‘L(Sl), does converge in distribution (in fact, in L»toa
limiting random variable, and likewise in the unrooted case; this is our next result.

Subsequently, we shall characterize the distribution of the limiting random variable (in both
the rooted and unrooted cases) by a fixed-point identity, and thereby complete the proof of
Theorem 3.1(i).

Proposition 3.5. (i) As m — oo, the random variable D! (U?n) converges in L? to a limiting
random variable D\ withE[D] = 0 and var(D1) = 2—712/6. In particular, var(D] (U?n)) —
2 —n?/6asm — oc.

(i) Asm — 00, D! (U ) converges in L? to the limiting random variable I*:l = 51 — £(1) + 1.

Proof. Adopt the convention Dl(‘ug) = 0. By the orthogonality of the Z; (Lemma 3.5)
and (3.5), for 0 < £ < m we have

var(D'(Ud) — D' (UY)) = var( >z - E[zj])>

Jj=t+1

- Y o
2
S UG+
— 0 asm,{ — oo.

Hence, [)1(‘119,,) is a Cauchy sequence in L? and, so, converges in L? to a limiting random
variable, which we denote Dy. Then E[D;] = lim,,—, oo E[D1(UY)] = 0 and

var(D;) = 1imoovar(131(u31))
_ i N
G+ D2 +2)

oo 2 oo
ZZ[F 1+2] Z(J+1)2

Jj=1 Jj=1

It remains to prove part (ii), the convergence of the centred total length of the DLF D! (Un).
By (3.13) we have

DY (Up) = DY UL) — £5US) + E[LYU)) =12 Dy — £ + 1,

where the convergence follows by Lemma 3.2 and part (i). Thus, D! (U,,) converges in L? as
m — 00.
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For the next few results it is more convenient to consider the DLF defined on a Poisson-
distributed number of points. Let (X{, X»,...) be a sequence of independent, uniformly
distributed random variables in (0, 1], and let (N(¢), t > 0) be the counting process of a
homogeneous Poisson process of unit rate in (0, 00), independent of (X1, X», ...). Thus, N(¢)
is a Poisson variable with parameter t. As before, let ‘um = (X1, ..., Xm), and (in this section
only) let & := Upy(). Let J = ‘u‘]{,(t), whence JP = (0, X1, Xo, .. XN(t))

We construct the DLF and DLT on X1, X2, ..., Xn() as before. Let D ({PO) D! ({PZO) —
E[D'(£")] and D' (£,) = D' () — E[Dl(J,)]. We aim to show that the limit distribution
for D! (!Pto) is the same as that for D' (‘L(,%), and likewise in the unrooted case. We shall need
the following result.

Lemma 3.6. Ast — oo,

4 E[D! (#)] = - St o %) and diE[D PO = +0(t 2.

dr
Proof. The point set {X1, ..., Xn()} is a homogeneous Poisson point process in (0, 1), so
we have
d
T E[D1 ()] = E[length of new arrival]
1
= / du E[distance to next point to the left of u in ]
:/ du/ ste S ds
—t
=1y 2( "—1)+—
1
1
=-+ o012,
Similarly,

—E[D'(P)] =

” d E[distance to next point to the left of u in & U {0}]

/ —ts dS

t2

I

=~ 4007?).

~

Lemma 3.7. (i) Ast — oo, D! ({P,O) converges in distribution to D], the L? large-m limit of
N1 0

D (U,,).

(i) Ast — oo, D! (#+) converges in distribution to ﬁ], the L? large-m limit ofﬁ1 (Upm).

Proof. (i) From Proposition 3.5, we have bl(uﬁ’n) — 2 Dy asm — oo. Leta :=
E[D'(P")] and p,, := E[D'(UY)]. Since

o = E[Zz,} =Y (47,
i=1 i=1
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by (3.5), for any positive integers £ and m we have

max(m, )
1 max(m, £) + 1 m+1
o = 12| 2 j+1—°g(min(m,a+1> ‘Og<e+1>) (3:27)

j=min(m,£)+1
Note the distributional equalities
LD (PP | N(t) =m) = LD (UY)),
L' (P — une | N(©) =m) = LD (Up)). (3.28)

First we aim to show that a, — u|,j — Oast — oo, where | x] denotes the integer part of x.
Set p,(¢) := e~ " /m!. Then we can write

> PO (m — sy

m=0

= > pwOWm =)+ Y P — ). (329)

{m: im—|1]|<r3/%) {m: Im—|1]]>13/4}

ar — M|z]

We examine these two sums separately. First consider the sum for |m — [7]| < 374, By (3.27),
we have

| < (1 (LIJ+1+I3/4>1 ( lt] + 1 >>
sup Hm — <max | log| ——— |.log
{m: Im—|t]|<r3/4) " . 7] +1 lt] +1—1¢3/4

=o0@ '

— 0 ast— oo.

Hence, the first sum in (3.29) tends to 0 as t — oo. To estimate the second sum, observe that

Y Oum )<Y pmm+0)

{m: lm—[t]|>13/4) {m: lm—[1]]>13/4)
=B[N +DHING) — [1]] > /%]
< BIN@ +DMPIN® = Le]| > £*D'2. - (3.30)
By Chernoff bounds on the tail probabilities of a Poisson random variable (see, e.g. Lemma 1.4
of [11]), (3.30)is O(t exp(—t2/18)) and, so, tends to 0. Hence, the second sum in (3.29) tends

to 0 and, thus,
ar — ;) —~> 0 ast — oo. 3.31)

Now we show that D! (:7’,0) 2 ﬁl ast — o0o. We have
D)) = (D' (P) — un) + (ene — 1ieg) + (i) — ar). (3.32)

The final bracket tends to 0, by (3.31). Also, by (3.28) and the fact that N(¢) — oo almost
surely as t — oo, we have

.-
D' (PY) — unw — Di.
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Finally, using (3.27), we have

P
[uN@ — mpegl < -0 ast— oo,

(N(t) + 1)
log| ———
7] +1
since N(1)/[1] 2 1 in the same limit. Slutsky’s theorem applied to (3.32) thus yields
D (3’0) 2 Dyast — oo, completing the proof of (i).

The proof of (ii) follows in the same way as that of (i), except that in (3.27) the first equality
is replaced by the inequality ‘<’. This does not affect the rest of the proof.

The next two propositions complete the proof of Theorem 3.1.

Proposition 3.6. The limiting random variable D1 of Proposition 3.5(i) satisfies the fixed-point
equation (2.3).

Proof. For integer n > 0, let T,, := min{s: N(s) > n}, the nth arrival time of the Poisson
process with counting process N(-). Set T := Tj and set U := X (the latter of which is
uniform on (0, 1)).

By the marking theorem for Poisson processes [9, p. 55], the two-dimensional point process
Q = {(X,, Ty): n = 1}is ahomogeneous Poisson process of unit intensity on (0, 1) x (0, 00).
Given the value of (U, T), the restriction of @ to (0, U] x (T, o0) and the restriction of @ to
(U, 1] x (T, oo) are independent, homogeneous Poisson processes on these regions. Hence,
by scaling properties of the Poisson process (see the mapping theorem of [9, pp. 17-19]) and
of the DLT, and writing D{li }(-), i = 1, 2, for independent copies of D! (-), we have

DY(PP) 2 UD{\(P)_1)) + (1 = U)DLy(PL_yyu—r)) + U1t > T}. (3.33)

Leta; =0fors <0andas, = E[Dl(ﬁ’so)] for s > 0. Then f)l(ﬂ’to) = D! (:7’,0) — a;, whence,
by (3.33),

DYP)) Z (UD}\(P)_1) + (1 = U)DYy (P _py o)) + DIt > T)
+Ulayq-1) —ar) + (1 = U)aq-vye-1) — ar)- (3.34)

From Lemma 3.6 we have da,/df = 1/t 4+ O(¢~2). Hence, if T < t then

! dag
ar —ay@-1) = / —ds =logt —log(U(t — T)) + O((U(t — T)™")
U@—T1) ds

and, hence, as t — 00,
a; —ay—1) — —logU almost surely. (3.35)

Since P[T < t] tends to 1, by taking ¢ — oo in (3.34) and using Slutsky’s theorem we
obtain (2.3).

Proposition 3.7. The limiting random variable Fi of Proposition 3.5(ii) satisfies the fixed-point
equation (2.3) and, so, has the same distribution as D;. Also, cov(Fy, Dy) = 7/4 — 7% /6.
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FIGURE 2: Estimated probability density function of D.

Proof. The proof follows similar lines to that of Proposition 3.6. Once more let a; =
E[D!(P?)] fors > 0 and a; = 0 for s < 0. Let by = E[D'(P)] for s > 0 and by = 0 for
s <0,and let T := min{zt: N(¢) > 1}. Then

DY (P) = (UD},(Pua-1)) + (1 = U)Doy (P _yye—ry)) 1t > T}, (3.36)

where D{ll}(-) and D{IZ}(-) are independent copies of D'(-). Then D' (#;) = D'(#,) — b, and
D'(2?) = D' (£?) — a,, by which (3.36) yields

DY (P)) Z (UD}(Pui-1)) + (1 = U)DYy (P _py oyt > T}
+ Ubyi-1) — b)) + (1 = U)(@aq-vy@¢—1) — br). (3.37)

From Lemma 3.6 we have db,/dt = 1/t 4+ O(t~2). Hence, by the same argument as used to
obtain (3.35),
by — by—1) — —logU almost surely.

Also, a;, — b, = E[L}(P)] by (3.13), whence lim,_,o0(a; — b;) = 1 by Lemma 3.2 and the
fact that E[£(1)] = 1 (by (3.15)). From (3.35) we also find that as t — oo,

aa-uvye-1) — b = (@a-vye-r) —ar) + (@ — b;) - 1 +1log(1 —U) almost surely.
By taking t — oo in (3.37) and using Slutsky’s theorem we obtain
Fil2UF +(1—U)Dy+UlogU + (1 —U)log (1 —U) + (1 — U). (3.38)

The change of variable (1 — U) +— q then shows that ﬁl, as deﬁnegi in (2.3), satisfies (3.38);
thus, by the uniqueness of solution, F has the same distribution as D; and satisfies (2.3).
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To obtain the covariance of F] and D1, observe from Proposition 3.5(ii) that £0 Dy —
F| + 1. Therefore, by (3.15), we have

1 = var(£y) = var(Dy) + var(Fy) — 2cov(Dy, F). (3.39)

Since var(Fl) = var(Dl) =2- 712/6 by Proposition 3.5(i), by rearranging (3.39) we find that
cov(Dy, F1) = 7/4 — n2/6.

Remark 3.1. Figure 2 is a plot of the estimated probability density function of Dy. This was
obtained by performing 10° repeated simulations of the DLT on a sequence of 103 uniform
(simulated) random points in (O 1] For each simulation, the expected value of DY (U 103)
(which is prec1se1y 3 + + -+ 1001, by Lemma 3.1) was subtracted from the total length
of the simulated DLT to give an approximate realization of D;. The density function was
then estimated from the sample of 10° approximate realizations of D1, using a window width
of 0.0025. The simulated sample from which the density estimate for D was taken had
approximate sample mean —2 x 10~ and approximate sample variance 0.3543, which are
reasonably close to the expectation and variance of D.

4. General central limit theorems in geometric probability

Notions of stabilizing functionals of point sets have recently proved to be a useful basis for a
general methodology for establishing limit theorems for functionals of random point sets in R?.
In particular, Penrose and Yukich [16] provided general central limit theorems for stabilizing
functionals. One might hope to apply these results in the case of the MDSF weight. However,
to obtain the central limit theorem for edges away from the boundary in the MDSF and MDST,
we need an extension of the general result of [16], which we describe in this section.

To describe our general results we use the following notation. Let d > 1 be an integer. For
X c R?,aconstanta > 0,and y € R?, let y+a X denote the transformed set { y+-ax : x € X}.
Let diam(X) := sup{|lx; — x2]|: x1,x2 € X} and let card(X) denote the cardinality (the
number of elements) of X (when finite).

Forx € R? and r > 0, let B(x; r) denote the closed Euclidean ball with centre x and
radius r, and let Q(x; r) denote the corresponding /,-ball, i.e. the d-cube x + [—r, r14. For a
bounded measurable set R C RY, let | R| denote the Lebesgue measure of R, let d R denote the
topological boundary of R, and, for r > 0, set 9,R := Ux car Q(x;r), the r-neighbourhood
of the boundary of R.

Let&(x; X)be ameasurable, R, -valued function defined for all pairs (x, X5), where X6 C R4
is finite and x € X. Assume that £ is translation invariant, thatis, §(y +x; y + X) = §(x; X)
for all y € RY. When x ¢ X, we abbreviate the notation &(x; X U {x}) to &(x; X). For
7 € (0, 00), let #, be a homogeneous Poisson process of intensity T on RY.

A translation-invariant, real-valued functional & (x; X’) defined for finite point sets X C R4
and points x € X induces a translation-invariant functional H (X; S) defined on all X C R4
and all Borel-measurable regions S € R? by

H(X; 8) = > E(x: X). 4.1)
xeXnNs

It is this ‘restricted’ functional that interests us here; in [16] the authors were concerned rather
with the global functional H (X; R?). In our particular application (the length of the edges of
the MDST on random points in a square), the global functional fails to satisfy the conditions
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of the central limit theorems of [16], owing to boundary effects. Here we generalize the result
of [16] to the ‘restricted’ functional H (X; S). It is this generalized result that we can apply to
the MDST, when we take S to be a region ‘away from the boundary’ of the square in which the
random points are placed.

We use a notion of stabilization for H. Loosely speaking, £ is stabilizing if, when a point is
inserted at the origin into a homogeneous Poisson process, only nearby Poisson points affect
the inserted point; for H to be stabilizing we require also that the inserted point affects only
nearby points.

For B C RY, let A(X; B) denote the ‘add-one cost’ of the functional H on the insertion of
a point at the origin:

A(X; B) == H(X U{0}; B) — H(X; B).

Let # := #;, a homogeneous Poisson point process of unit intensity on R?. Adapting the
ideas of [16], we make the following definitions.

Definition 4.1. We say the functional H is strongly stabilizing if there exist almost surely finite
random variables R (a radius of stabilization) and A (0co) such that with probability 1, for any
B 2 B(0; R),

A(P N B(0; R) U A; B) = A(co) for all finite sets A C R? \ B(0; R).

We say that the functional H is polynomially bounded if for all B > 0 there exists a constant,
B, such that for all finite sets X C RY,

|H (% B)| < B(diam () + card(X))P. 4.2)

We say that H is homogeneous of order vy if for all finite sets X C R?, all Borel sets B € R¢,
and all a € R, it is the case that

H(aX;aB) =a¥H(X; B).

Let (R,, Sp), n = 1,2, ..., be asequence of ordered pairs of bounded Borel subsets of R4
such that S,, € R, for all n. Assume that, for all » > 0, n’1|8rR,,| — 0 and n’1|8rSn| — 0
(the vanishing relative boundary condition). Assume also that |R,| = n for all n and that
|Sul/n — 1asn — oo; that S, tends to R? in the sense that |, (>, Sm = R?; and that
there exists a constant, 8, such that diam(R,) < ,Bnﬁ for all n (the pol&nomial boundedness
condition on (R, S;)n>1). Subject to these conditions, the choice of (R,, S,),>1 is arbitrary.

Let Uy, Uz n, ... be independent, identically distributed uniform random vectors on R,,.
Let

um,n = {Ul,}’h ey Um,n}

(a binomial point process), and for Borel sets A € R? with 0 < |A| < o0, let U, be the
binomial point process of m independent, identically distributed uniform random vectors on A.
Let R be the collection of all pairs (A, B), with A, B C R4, of the form

(A,B) =(x+ Ry, x + S,),

with x € R? and n € N. That is, R is the collection of all the (Ry, S,) and their translates.
We say that the functional H satisfies the uniform bounded moments condition on R if

sup ( sup E[A(um,A;B)4])<oo. 4.3)
((A,B)ER: 0 € A} “|A|/2<m<3|A|/2
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Our first general result extends Theorem 2.1 of [16]. We omit the proof here; it can be found
in [13]. Let @, := £ N Ry, the restriction of P to R,

Theorem 4.1. Suppose that H is strongly stabilizing, is polynomially bounded (see 4.2)), and
satisfies the uniform bounded moments condition, (4.3), on R. Then there exist constants 52
and t2, with 0 < t2 < s2, such that as n — oo,

() n~'var(H(@Qp; Sp)) — 52,
(i) n="2(H(@p; Sp) — E[H(@y; S = N (0, 52),
(il) n~! var(H(Up.n; Sp)) — 2,

(iv) n™V2(HUp.p; Sn) — ELH(Upn: S1)]) = N (0, 12).

Also, s% and t% are independent of the choice of the (Ry,, Sy,). Furthermore, if the distribution
of A(00) is nondegenerate, then s2>12s0.

Our second general result generalizes Corollary 2.1 of [16]. Let R be a fixed, bounded Borel
subset of R? with |Rg| = 1 and |dRp| = 0. Let (So.n, n > 1) be a sequence of Borel sets with
So0.n € Ry, such that both [Sp ,| — 1 asn — oo and, for all r > 0, we have |9,-1/4,.S0.,| = O
asn — 0o.

Let Ro be the collection of all pairs of the form

(x + nl/dRo, X+ nl/dSo,n)

withn > 1 and x € R?. Let X, be the binomial point process of n independent, identically
distributed uniform random vectors on Ry, and let 5, be a homogeneous Poisson point process
of intensity n on Ry.

Corollary 4.1. Suppose that H is strongly stabilizing, satisfies the uniform bounded moments
condition on R, is polynomially bounded, and is homogeneous of order y. Then with s* and
12 as in Theorem 4.1, as n — oo we have

@ n?/ 4t var(H (P So.n)) — 57,
(i) n?/4=V2(H (Py; So.0) — BIH (Pas Som)) = N (0, 57,
@il) n27/?= var(H (X, So.n)) — 2,
(iv) n?/4=12(H (Xu: So.n) — E[H (Xns So.n)]) = N (0, 12).
Proof. The corollary follows from Theorem 4.1 by taking R, = n'/“Rg and S, = n'/¢ So.n
(or suitable translates thereof), and scaling, since H is homogeneous of order y .
5. Central limit theorem away from the boundary

While it should be possible to adapt the argument of this section to more general partial
orders, from now on we take the partial order on R2 to be ‘<*’. For each n, define the region
So.n 1= (ng_l/Z, 1]2, where ¢ € (0, %) is a small constant to be chosen later. In this section,
we use the general central limit theorems of Section 4 to demonstrate a central limit theorem
for the contribution to the total weight of the MDSF, under ‘<x*’, from edges away from the
boundary, that is, from points in the region S .
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Given a > 0, consider the MDSF total weight functional H = £* on point sets in R?. We
take £(x; X) to be d(x; X)*, where d(x; X)) is the distance from point x to its directed nearest
neighbour in X under ‘<*’, if such a neighbour exists, and is 0 otherwise. Thus, in our case,

E(x; X) =d(x; X)* with d(x; X) :=min{flx —y|: y € X\ {x}, y <* x},
with the convention that min @ = 0. For R C R2, let

LYOGR) = Y E(x; X) (5.1)

xeXNR

and LY(X) := LY(X; R?).

Let X, be the binomial point process of n independent, identically distributed uniform
random vectors in (0, 1], and let &, be a homogeneous Poisson process of intensity n on
(0, 1]2. The main result of this section is the following theorem.

Theorem 5.1. Suppose that o > 0 and the partial order is ‘<*’. Then there exist constants ty
and sy, 0 < ty < sy, not depending on the choice of €, such that as n — oo,

(i) " var(LY(Xn: So.n)) = 12,

(i) n @ D2LY(Xy: Son) = N (0, 12),
(iii) n*~ ! var(L*(Pu: So.n)) — s2,
(iv) n@DI2E%(P,: So,) = N(0,52).

The following corollary states that Theorem 5.1 is also true in the rooted cases, i.e. with X,
replaced by XS and &, replaced by ,7),?.

Corollary 5.1. Suppose that o > 0 and the partial order is ‘<™. Then, with ty and s, as given
in Theorem 5.1, as n — 0o we have

(i) n®~ " var(£L¥(XY; So.n) = 13,

(i) n@ D2 E0(x0; Sy, > N(0,12),
(i) n%!var(LY(PY; So.n)) — 52,
(iv) n@=D2Ex(P0: 55 ) B> N(0,52).

Theorem 5.1 and Corollary 5.1 were proved in [13]. The proof of the theorem relies on
showing that the functional £ satisfies suitable versions of the conditions of Theorem 4.1 and
Corollary 4.1, namely that £ is polynomially bounded (see (4.2)), homogeneous of order «,
and strongly stabilizing (see Definition 4.1). Also, the distribution of A(co) is nondegenerate.
Finally, with Ry := (0, 113, recalling that Sp, = ne12, 172 throughout this section, and
with R¢ as defined just before Corollary 4.1, L% satisfies the uniform bounded moments
condition, (4.3), on Rg. For the details, see [13].

6. The edges near the boundary

Next in our analysis of the MDST on random points in the unit square, we consider the
length of the edges close to the boundary of the square. The limiting structure of the MDSF

https://doi.org/10.1239/aap/1151337075 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1151337075

Minimal directed spanning tree SGSA e 357

and MDST near the boundaries is described by the directed linear forest model discussed in
Section 3.

We initially consider the ‘rooted’ case, in which we insert a point at the origin. Later we
shall analyse the multiple sink (or ‘unrooted’) case, in which we do not insert a point at the
origin, in a similar way.

Fix o € (%, %). Let B, denote the L-shaped boundary region (0, 11 \ (n7°, 17%. Recall
from (5.1) that L%(X; R) denotes the contribution to the total weight of the MDST on X
from edges starting at points of X N R. When X is a random point set, set £ (X; R) =
LYX; R) — E[LY(X; R)].

Theorem 6.1. Suppose that the partial order is ‘<X*’. Then as n — oo,
£22% B,) > DWW +DP,  a=1, (6.1)
L7(X}); By) > DY) + DY

o

a>1, 6.2)

where [)é}} and Dt{f} are independent random variables with the distribution of Dy given by
the fixed-point equation (2.3) for « = 1 and by (2.4) for ¢ > 1. As n — 00 we also have

LY Py; By) = EW+ FP a>1, (6.3)
LY(Xn; B) > FM 4+ EP, a>1, (6.4)

where I:“,il} and I:“D?} are independent random variables with the same distribution as ﬁ] for
o = 1, and with the distribution given by the fixed-point equation (2.5) for « > 1. Finally, as
n — oo we additionally have

n@ V2L Py By) =110, O<a<l, (6.5)
n(a—l)/cha(gD’?; B,) =1 0, O<a<l. (6.6)

The idea behind the proof of Theorem 6.1 is to show that the MDSF near each of the two
boundaries is close to a DLF system defined on a sequence of uniform random variables coupled
to the points of the MDSF. To do this, we produce two explicit sequences of random variables
on which we construct the DLF coupled to &, the Poisson process of intensity # on (0, 113,
on which the MDSF is constructed.

Let B;; be the rectangle (n77, 1] x (0,n77], let B,f be the rectangle (0,n77] x (n™7, 1],
and let BY be the square (0, n=°]?; see Figure 3. Then B, = BY U B} U B;. Define the point
processes

V¥ =2, N (B UBY), Vi =P, N(ByUBY, and V):=»,NBY, (6.7

andlet N := card(V}), N; := card(V;),and N? := card(V?). List V¥, in order of increasing
y- coordmate as X7,i = 1,2,...,N;. In coordinates, set X; = (X7, Y;) for each i.
Slmllarly, list V;, in order of increasing x-coordinate, as X; = (X, y Yl’ ),i=1,...,N;. Let
=X}, i=12,...,N)and Uy = (Y], i= 1,2,...,Ny) Then U} and U, are se-
quences of uniform random variables in (0 1], on which we may construct a DLF. Also, we write
‘Uf; for the sequence (0, X7, X7, .. X) and U} 0 for the sequence (0, Y, Yz), S 24 \)
With the total DLF or DLT Welght functlonal D“(-) defined in Section 3 for random ﬁnlte
sequences in (0, 1), the DLF weight D%(U}) is coupled in a natural way to the MDSF
contribution £“(V") and likewise for D"‘(‘u’) and L£%(Vy)), for D* (U°) and L£2(VF U{0}),
and for DY (U, ) and LY(V; U{0)).
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FIGURE 3: The boundary regions.

Lemma 6.1. Foranyo > 1, asn — oo,
LYV = D*(Uy) » 120 and LY(Vy) — D*(Up) —12 0, (6.8)
LYVEUL0) — DY USY) > 120 and L2V U{0) — D*(UY") =2 0. (6.9)
Furthermore, for0 < o < 1, asn — o0,
E[|L%(V;) = D*(UI°] = 0727727, (6.10)
and a corresponding result holds for V;, and Uy, and for the rooted cases (with the addition
of the origin).

Proof. We approximate the MDSF in the region B, by two DLFs, coupled to the MDSF.
Consider V;; the argument for V; is entirely analogous.

We have the set of points V; = {(X7,Y"),i = 1,..., N;}. We construct the MDSF
on these points and construct the DLF on the x-coordinates, Uy, = (X, i = 1,..., N;).
Consider any point (X7, ¥;*). For any single point, either an edge exists from that point in
both constructions or in neither. Suppose that an edge exists; that is, suppose that X7 is
joined to a point X’I‘)(l.), D(i) < i, in the DLF model, and (X7, Y;) to a point (X"N(i), Y;{,(l.))
in the MDST (we do not necessarily have N(i) = D(i)). By construction, we know that
X — Xf)(l.)| <IX7 - Xf\,(l.)|, since N (i) < i according to the ordering of our points. It then
follows that

”(X;Y, le) - (XxN(i), Yi\v/(,'))”a > |X,x - X)jcv(,')|a > IXf - X}C)(,-)I“,
and so we have established that for all @ > 0,
D*(Uy) < LY(V;)) and D"‘(‘uﬁ’o) < LYV, U{0}).
Now, by the construction of the MDST, we have

X YD) = Xy Yl < I YD) = (X Yl ©6.11)

https://doi.org/10.1239/aap/1151337075 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1151337075

Minimal directed spanning tree SGSA e 359

If (x,y) € (0,1]* then |(x, y)|| < x + y, and, by the mean value theorem for the function
t — t%, for o > 1 we have

I DI —x* < @+ 9 —x% <027y, ax= L
Hence, fora > 1,
”(X?Cv Yl‘x) - (X)[C)(i), Yﬁ(i))lla - (Xf - X)[c)(i))a = azafl(yix - Yzc)(i))- (6-]2)
Then, for o > 1, (6.11) and (6.12) yield
”(Xf, Yix) - (X);v(,'), Y;\c/(,‘))”a - (Xlx - XJB([))(X = aza—l(Yl_x - Yg(,')).
Hence, fora > 1,

Ny
0 < LY(V)) — D*(UY) < a2 Z(Yix —Ypu)

i=1

and, thus,
0 < LYVY) — D*(U) < 027N,
0 < LYV U{0}) — D*(U0) < a2 N7, (6.13)
We have N,/ ~ Po(n!~?), whence, since o > %,
E[(L*(Vy U{0}) — D¥(Uy")?] < a2 P n 2 E[(N;)*] > 0,  a> 1

An entirely analogous argument leads to the same statement for U, and 'V, , and we obtain (6.8),
and (6.9) in identical fashion.

Now let 0 < a < 1. By the concavity of the function ¢ + * for @ < 1, for x > 0 and
y > 0 we have

G, Y —x% < (x + ) —x¥ <)%, 0<a<l.
Then, by an argument similar to that yielding (6.13) in the o« > 1 case, we obtain
0 < LYVy) — D*(Uy) < Nyn *.

Then (6.10) follows since N; ~ Po(n!=9), and the rooted case is similar.

Lemma 6.2. Suppose that D has distribution given by (2.3), Dy, @ > 1, has distribution
given by (2.4), and F,, o > 1, has distribution given by (2.5). Then as n — 00,

L' V¥uioy > Dy and L£'(V) > Dy, (6.14)
LUVIU0) > Dy and £9(VY) > Fy,  a> 1. (6.15)

Moreover, (6.14) and (6.15) also hold with 'V; replaced by V).
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Proof. As usual we present the argument for 'V, only, since the result for V; follows in the
same manner. First consider the o > 1 case. We have the distributional equalities

LD*(URY) | Ny =m) = LD(U))), LD*(Uy,) | Ny =m) = LD (Up)).

-0

However, N, is Poisson with mean n and, so, tends to oo almost surely. Thus, by

Theorem 3.1(i1),

D*(US) > Dy and D*(UY) > F, asn — oo,
and by Lemma 6.1 and Slutsky’s theorem,
LEYVIU}) > Dy and LY(VY) > F, asn — oo. (6.16)
Also, E[D“(‘Uﬁ’o)] = (¢ — D! by (3.10), whence, by Lemma 6.1 and Proposition 3.3,
E[L(Vy U{0D] = (@ = )™ = E[Dal.
Similarly, by (3.18), Lemma 6.1, and Proposition 3.4,
E[£L4(Vi)] = (a(e — 1) = E[F,].

Hence, (6.16) also holds with the centred variables (i.e. (6.15) holds).

Now suppose that @ = 1. Since N, is Poisson with parameter n'=?, Lemma 3.7(i) with
t = n'~% shows that Dl(‘l,(ﬁ’o) 2 Dl as n — oo. Slutsky’s theorem with Lemma 6.1 then
implies that L1 vy uioy = Dj. In the same way we obtain L1 v 2 D, this time using
part (ii) of Lemma 3.7 instead of part (i), along with Proposition 3.7.

Note that D*(U};) and D* (U;) are not independent. To deal with this, we define

V.= $,N B"

- " and V) = P, N B
(Also, recall the definition of 'V,? in (6.7).) Let N,f = card('f),f ) and N, := card(V}). Since
BF and B; are disjoint, £“(17,’f ) and L%(V;) are independent, by the spatial independence
property of the Poisson process £,.

Now we make the following observation. Using notation from Section 4, for k € N and for
a < bandc < d,let Uk, (a,p)x(c,d] denote the point process consisting of k independent random
vectors uniformly distributed on the rectangle (a, b] x (c, d]. Before proceeding further, we
recall that if M (X) denotes the number of minimal elements of a point set XX C R? (under the
ordering ‘<*’), then

<1+ logk. (6.17)

x| —

1
E[M (U, a,p1x(c,a)] = EIM(Xi)] =1+ 3 4o+

The first equality in (6.17) comes from some obvious scaling showing that the distribution of
M (U (a,b1x(c,d]) does not depend on a, b, ¢, and d. For the second equality in (6.17), see [2]
or the proof of Theorem 1.1(a) of [5].
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Lemma 6.3. Suppose that a > 0.

(i) Asn — oo,

LYV = LYVE) =10 and L2(Vy) — LE(V)) =11 0, (6.18)
LEVIUL0)) — LY(VIU0) —,1 0 and LY(V; U{0}) — L*(Vi U{0}) =1 0.
(6.19)

(ii) As n — oo, we have L ('V,?) — 1 0and £°‘('V,? Uu{0}) -1 0.

Proof. We first prove (i). We give only the argument for 'V, as that for V; is analogous.
Let A := L%(VY) — L%(V¥)and B = (0 + $)/2. Then § < f < 0.

Assume without loss of generality that &, is the restriction to (0, 11> of a homogeneous
Poisson process, #f,, of intensity n on R2. Let X~ = (X7,Y7) be the point of #, N
((0, 2] x (0, 00)) with minimal y-coordinate. Then X~ is uniform on (0, n—P]. Let E, be
the event that X~ > 3n77; then P[ES] = 31n#~7 for large enough 7.

Let A be the contribution to A from edges starting at points in (0, n A1 x (0,n°]. The
absolute value of A is then bounded by the product of (v/2n~#)® and the number of points of
P, in (0, n7P] x (0, n=7]. Hence, for any o > 0,

E[|A1]] < (v2n7 ) E[card (P, N ((0, n 7] x (0,n7°])]
— 20{/2’117;‘37(7701/3

— 0. (6.20)

Let Ay := A— Ay, the contribution to A from edges starting at points in n P, 11x(,n°].
Then, by the triangle inequality, if E, occurs these edges are unaffected by points in B,(,) and,
s0, Ay = 0. Also, only minimal elements of &, N (n_/8 , 11 x (0, n~7] can possibly have their
directed nearest neighbour in (0, 27°] x (0, n~7]; hence, if M,, denotes the number of such
minimal elements, then |A3| is bounded by 2%/2 M, Hence, using (6.17), we obtain

E[|A2]] < 2%/2P[ES]E[M,] = O(nP~7 logn),

which tends to 0. Combined with (6.20), this gives us (6.18). The same argument gives us (6.19).
To prove part (ii), note that

E[£LY(V))] < (W2n )Y B[N?] = 2%/2p' 72779 5 (0 asn — oo,

for any @ > 0. Thus, L* ("V,?) — 11 0 and, similarly, £ (V,? u{0}) —.1 0.

In proving our next lemma (and again later on) we use the following elementary fact. If
N (n) is Poisson-distributed with parameter n, then as n — oo,

E[|N (n) — n|logmax(N (n), n)] = O(n'/?logn). (6.21)
To see this, let ¥}, := |N(n) — n|logmax(N(n), n). Then
Y, 1{N(n) < 2n} < |[N(n) — n|log(2n),

and the expectation of this is O (n!/? log n) by Jensen’s inequality, since var(N (1)) = n. As the
Cauchy—Schwarz inequality shows that E[Y,, [{N (n) > 2n}] — 0 (n'/?), (6.21) thus follows.
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We now state a lemma for coupling X, and #,. The result for « > 1 will be used in
the proof of Theorem 6.1. The result for 0 < o < 1 will be needed later, in the proof of
Theorem 2.1. As in Section 5, let Sp , denote the ‘inner’ region (ne’l/z, 1]2, with ¢ € (0, %) a
constant. The boundary region B,, is disjoint from Sp ,; let C,, denote the intermediate region
(0, 117\ (B, U So.»), whence B, U C,, = (0, 117\ So.p..

Lemma 6.4. There exists a coupling of X, and P, such that the following statements hold.
(1) For0 < o < 1, provided that ¢ < (1 — «)/2, as n — 00 we have
n @ DI2E[LY(%n; By U Cp) — LY (Pu; Ba U Cp)[]1 = 0 (6.22)
and
n @ D2E[£9(X0; B, U Cy) — LYY B, UCy)[] — 0. (6.23)

(i1) Fora > 1, as n — oo we have
E[|LY(Xn; Bn) — L*(Pn; Bn)l] — 0 (6.24)

and
E[|LY(X; By) — £L4(PY; B[] — 0. (6.25)

Proof. We couple X, and £, in the following standard way. Let X, X», X3,... be
independent, uniform random vectors in (0, 112, and let N(n) ~ Po(n) be independent of
(X1, X>5,...). For m € N (in particular for m = n), set X, := {X1,..., X}, and set
fn = {Xl, ey XN(n)}~

For each m € N, let Y;,, denote the in-degree of vertex X,, in the MDST on X,,. Suppose
that X,, = x. An upper bound for Y,, is then provided by the number of minimal elements
of the restriction of X,,_1 to the rectangle {y € (0, 1% x <* y}. Hence, conditional on
X, = x and on there being k points of X,,_; in this rectangle, the expected value of Y, is
bounded by the expected number of minimal elements in a random uniform sample of k points
in this rectangle, and, hence (see (6.17)), by 1 + log k. Given the value of X,,, the conditional
expectation of Yy, is thus bounded by 1 + log m.

We first prove the statements in part (i), with 0 < o < 1. Suppose thate < (1 —«)/2. Then

| LY (Xom; By U Cy) — LE(Xom—1; Ba UCy)| < 2% (Y + D1{X,y € B,UCy).  (6.26)
Since By, U C, has area 2n°~1/2 — n2¢=1 we obtain
E[(Y + DI{X,n € B, UC,}] < (2 + logm)2n®~1/2,
Hence, by (6.26) there exists a constant, C, such that

n @ D2 E[|LY (Py; By U Cp) — L2 (Xns By U Co)l | N(m)]
< C|N(n) — n|log(max(N (n), n))n @ +2¢=2/2,

and, since we assume that « +2¢ < 1, by (6.21) the expected value of the right-hand side tends
to 0 as n — 00, and we obtain (6.22). A similar argument yields (6.23) in the rooted case.
Now we prove part (ii). For &« > 1, we have

| LY (Ko Bn) — LY (Xom—1; Bu)| < 2°/*(Yyy + D1{X, € By} (6.27)
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Since B, has area2n~% — n=29, by (6.27) there is a constant, C, such that
E[|LY (Pn; By) — L*(Xn: Bp)| | N(n)] < C|N(n) — n|log(max(N(n),n))n"?,

and, since o > i’ by (6.21) the expected value of the right-hand side tends to 0 as n — oo,
and we obtain (6.24). We obtain (6.25) similarly.

Proof of Theorem 6.1. Suppose that @ > 1. Then
LE(Vy) = LYV + (LU(Vy) — £5(V))).

The final bracket converges to 0 in probablhty, by Lemma 6.3(1). Thus, by Lemma 6.2 and
Slutsky’s theorem, we obtain L (”V") 2 F (where F 1= D1) Now,

LEVE) 4+ LUV) = LYV + LUV) + (LYVY) — LE(VD) + (LX(Vi) — LY.

The last two brackets converge to 0 in probability, by Lemma 6.3(i). Then the independence of
LE(V})) and L* ('V;)) and another application of Slutsky’s theorem yield

LOVYY+ L2V D F 4 B
where P:O{,l} and 1:}{{2} are independent copies of Fy. Similarly,
£4(VEU{O)) + £2(Vi U {0h) > DI + DY
Finally, since LE(Py; By) = L (ViH+ LYV — LY (V,?) (with a similar statement including
the origin), Lemma 6.3(ii) and Slutsky’s theorem complete the proof of (6.1) and (6.3).

To deduce (6.2) and (6.4), assume without loss of generality that X, and #, are coupled
in the manner of Lemma 6.4. :Fhen LY(Pp; By) — LX(Xy; By) tends to 0 in probability
by (6.24), and LY (PY; B,) — £*(X2; B,) tends to 0 in probability by (6.25). Hence, by
Slutsky’s theorem, the convergence results (6.1) and (6.3) carry through to the binomial point
process case, i.e. (6.2) and (6.4) hold.

Now suppose that 0 < o < 1. Then (6.10) gives us

E[[n@~ V2L (V) — D*(Up)IP] = 0@+ D129y, (6.28)
which tends to 0 as n — oo, since o > % Likewise, for the rooted case,
E[|n @~ D2 (LY (V) U{0) — D*(Uy )P = 0(n@tDI=29)), (6.29)
By Proposition 3.2, we have
E[}’l(a_l)/2Da(uz)] — O(n(af—l)/z E[(N’);)I—Ot]) — O(n(ol—l)(d—l/2)) — O,
and combined with (6.28) this completes the proof of (6.5). Similarly, by Proposition 3.1,
E[n((x—l)/ZD(x(u;,O)] — O(n(o{—l)/z E[(Ni)lc)l—ot]) — O(H(a_l)(a_1/2)) — 07

and combined with (6.29) this gives us (6.6).
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7. Proof of Theorem 2.1

Leto € (%, %), and let ¢ > 0 with

. 1 1—0 3—40 2-—30
& <min| —, , , . (7.1)
2 3 10 8

In addition, if 0 < o« < 1 we impose the further condition that ¢ < (1 — «)/2. As in
Section 5, denote by Sy, the region (ng_l/ 2, 1]2. As in Section 6, let B, denote the region
(0,117 \ (n~7, 1%, and let C,, denote the region (0, 11>\ (B, U So.»).

We know from Sections 5 and 6 that, for large n, the weight of edges starting in Sp , satisfies
a central limit theorem, and the weight of edges starting in B, can be approximated by the
directed linear forest. We shall show in Lemmas 7.2 and 7.3 that (with a suitable scaling factor
for ¢ < 1) the contribution to the total weight from points in C,, has a variance converging
to 0. To complete the proof of Theorem 2.1 in the Poisson case, we shall show that the lengths
from B, and Sy, are asymptotically independent by virtue of the fact that the configuration of
points in C,, is (with probability approaching 1) sufficient to ensure that the configuration of
points in B, has no effect on the edges from points in Sp ,,. To extend the result to the binomial
point process case, we shall use a de-Poissonization argument related to that used in [16].

First consider the region C,,. We divide this naturally into three regions. Let

Cy = nV2 1 x (n77, 012,
Cih = (™%, 0" x n*7 12, 1],
C:l) = (n—U’ n8—1/2]2.

Also, as in Section 6, let

B :=n",11x(0,n°], By:=0,n1x®71, BY:=©0,n]
We divide the C,, and B, into rectangular cells as follows (see Figure 4), leaving C 2 undivided.
We set

kp = |n'707%) (7.2)

and divide C; lengthways into k, cells. For each cell,
width = (1 — n®~ %) /k,, ~ n?+o 1 height = n®~1/2 — p= ~ p*=1/2, (7.3)

Label these cells T, i = 1,2, ..., kg, from left to right. For each cell ', define the adjoining
cell of By, formed by extending the vertical edges of I'}, to be ;. Each cell ;' then has width
(1 —n®=12)/k, ~ n?*+°~1 and height n=°.

In a similar way, we divide C;; into k, cells, T'}, of height (1 — n®~1/?)/k, and width
n®~1/2 —n=° and divide B; into the corresponding cells 87, i =1, ..., ky.

Fori =2,..., kg, let Ey; denote the event that the cell ,8" | contains at least one point of
P, and let Ey ; denote the event that ,By | contains at least one point of &

Lemma 7.1. For sufficiently large n, and for 1 < j < i <k, withi — j > 3, if Ex; occurs
then no point in the cell 'Y has a directed nearest neighbour in the cell I' or ,Bx Similarly,
under the same condmons if Ey ;i occurs then no point in the cell l"y has a dzrected nearest
neighbour in the cell 1") or ,By
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FIGURE 4: The regions of [0, 1]2.

Proof. Consider a point X, say, in cell Flf‘ in C;;. Given Ey ;, we know that there is a point
Y, say, in the cell, B ,, to the left of the cell, 8}, immediately below I'}, such that ¥ <* X

i
yet the difference in x-coordinates between X and Y is no more than twice the width of a cell.
Thus, by the triangle inequality, we have

I1X = Y| <2(1 —n®"Y2)/ky +n®7V2 ~ 22401 (7.4)

since o > % Now consider a point Z, say, in a cell F)l.‘ or 8% with j <i — 4. In this case, the

difference in x-coordinates between X and Z is at least the width of three cells, meaning that
1X = Z| =30 —n*"2)/k, ~ 3n2Fo"1, (7.5)

By comparing (7.4) and (7.5), we see that X is not connected to Z, which completes the proof.

Recall from (5.1) that for a point set § C R? and a region R C R2, £ (48; R) denotes the
total weight of the edges of the MDSF on 4§ which originate in the region R.

Lemma 7.2. As n — 00, we have

var(L(Py; Cp)) = 0 and Var(QCO‘(J),?; Cy) — 0, oa>1, (7.6)
var(n @ V2 (P C) > 0, O<a <1, (1.7)
var(n@ V2220 C) -0, O<a<l. (7.8)
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Proof. For ease of notation, we write X; = L%(Py; Fl?‘) and ¥; = LY(Py; Fl.y), fori =
1,2,...,k,. Also, let Z = LY(P,; C,(l)). Then

k,

n kn
X+ Y1), 19)

var(L%(Py; Cp)) = var <Z +
i=1 i=1

Let N}, Nl) , and Ny respectively denote the number of points of &, in I', F} , and C0
Then, by (7.3), N;' is Poisson-distributed with parameter asymptotic to n3eto=1/2 while
Ny +N f + Ny is Poisson-distributed with parameter asymptotic to 2n3¢+~1/2; hence, as
n — oo we have
E[(N)?] ~ n®F20 1, E[(NT 4 N{ + No)?] ~ 4nSet20-1, (7.10)
Edges from points in I['T UT} U C? are of length at most 22272~ and, hence,
var(X1 + Y1 + 2) < @n** 7 E[(N{ + N{ + No)?]
~ 22+20{n6€+2(771+20((26+(771)‘ (71 1)

For a > 1, since ¢ is small (see (7.1)), the expression (7.11) is O (n'%+49=3) and in fact tends
to 0, implying that
var(X1+ Y1+ 2) — 0, oa>1. (7.12)

By Lemma 7.1 and (7.4), given E, ;, an edge from a point of I';’ can be of length no more
than 372612 ~1, Thus, using (7.10), we have

var(X; 1{Ey,i}) < E[X?1{Eyi}] < Gn®* o) E[(N})?]
— O (nbe+20—1+20Q2et0 1)) (7.13)

Next observe that cov(X;1{Ey ;}, X;1{E, ;}) = 0 fori — j > 3, since, by Lemma 7.1,
X;I{Ex ;} is determined by the restriction of &, to the union of the regions I'; U 8, i — 3 <
£ <i. Thus, by (7.2), the Cauchy—Schwarz inequality, and (7.13), we obtain

kn

kn
ar(inl{Ex,i}) Zvar(x1{Ex,})+Z Yo cov(Xil{Ex i), X UEx, ;)
i=2

i=2 {j:1<|j—i|<3}
_ 0(n45+0+2a(28+071)). (7.14)

Fora > 1, the boundin (7.14) tends to 0 asn — o0, since 2 <o <3 Z and ¢ is small (see (7.1)).
By (7.2), each cell B, i = 1,..., ky, has width asymptotic to 2ol and height n ",
implying that the mean number of pomts of $, in one of these cells is asymptotic to n>
hence, for any cell ﬁx or ,3 , i =1,..., k,, the probability that the cell contains no point of
Py is given by exp(— nzs(l + o(1))). Hence, for large enough n,and i = 2, ..., k,, we have
P[Ef”.] < exp(—n?®) and, thus, by (7.10),

var(X; {ES ;}) < E[X} | ES 1P[ES ;] < 2" E[(N}')*]PES ;]

— 0(n66+20 lexp(_n ))
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Hence, by the Cauchy—Schwarz inequality, we have

kn kn

var (ZX,-l{E;J ) = var(X; HES ) + ) cov(X;i H{ES ;). X, 1{ES ;)
=2 =2 i#j

= 0(k2n® T2l exp(—n®)) > 0 asn — oo. (7.15)

Then, by (7.14), (7.15), and the analogous estimates for Y;, along with the Cauchy—Schwarz
inequality, for « > 1 we obtain

kn kn kn kn
var <ZX,-1{EM»} + ZYil{Ey,,-} + inl{E;i} + ZYJ{E%}) —~0 asn— oo.
i=2 i=2 i=2

= (7.16)
From (7.9) with (7.12), (7.16), and the Cauchy—Schwarz inequality, we obtain the first part
of (7.6). The argument for J’,? is the same as for J,, which yields the second part of (7.6).
Now suppose that ) < « < 1. We obtain (7.7) and (7.8) in a similar way to (7.6), since (7.11)
implies that
Var(n(ot—l)ﬂ(xl + Yl + Z)) — 0(n68+2(r—2+a(45+25—1))

and (7.14) implies that

k}l
var (n(otl)/2 Z X[ l{Ex,i }> — 0(n4€+0‘71+ut(48+2071))’
i=2
and both of these bounds tend to 0 when 0 < @ < 1, % <o < %, and ¢ is small (see (7.1)).

To prove those parts of Theorem 2.1 that refer to the binomial process X,,, we need further
results comparing the processes X, and 4, when they are coupled as in Lemma 6.4.

Lemma 7.3. Suppose that o« > 1. With X, and P, coupled as in Lemma 6.4, as n — 00 we
have

LY Kp: Cp) — LUPn: Co) =11 0 and  L£2(X0; Cp) — LYPY C) =11 0. (7.17)

Proof. Let P, and X,,,, m € N, be coupled as described in Lemma 6.4. Given n, form € N
define the event

Eppi= () UXn-1 0BT # SN {X01 N # 2D,

1<i<kn

with the subcells 8 and ﬁiy of B, as defined near the start of Section 7. Then, by arguments
similar to those for P[E;’ ;1 above, we have

PLES 1= 0" 2 exp(—n®/2)),  m=n/2+1.

As in the proof of Lemma 6.4, let Y, denote the in-degree of vertex X, in the MDST on X,,,.
Then

1LY (Xoms Cn) — L2 (Xom—1; C)| < Y + DXy € Co}(Bn*T07H 4+ 222 1{ES D).
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Thus, given N (n),

[LY(Xon; Cp) — LY (Pn; Cu)l
max(N (n),n)
< > m+ DUXy € G oD 4 292 1ES, ).

m=min(N (n),n)

Since C, has area less than 2n°~1/2, by (6.17) there exists a constant, C, such that for n

sufficiently large and N(n) > n/2 + 1,

E[|LY(Xn; Cn) — L% (Pn: Ca)| | N(n)]
<2°2p1{N(n) <n/2 + 1}
+ C|N(n) — n|log(max(N (n), n))n® o =DTe=121{N ) > n/2 + 1) (7.18)

By tail bounds for the Poisson distribution, we have n P[N(n) < n/2 4+ 1] — 0 asn — oo,
and, hence, by taking expectations in (7.18) and using (6.21), we obtain

E[|£L%(Xn; Cp) — LY(Pu; C)l] = O(m* o= DF 1og ) + 0(1),

which tends to O since @ > 1, % <0 < %, and ¢ is small (see (7.1)). We thus obtain the

unrooted part of (7.17). The argument is the same in the rooted case.

Lemma 7.4. Suppose that X,, and P,, are coupled as described in Lemma 6.4, with N (n) :=
card(Py,). Let A(00) be given by Definition 4.1 with H = LY and let a; := E[A(00)]. Then
asn — 00,

LYPus Son) — L1 (Xns So.n) —n " 2ay(N() —n) =2 0, (7.19)
LYUPY; So.n) — L1(X0; So.0) —n V2 (N(n) —n) =12 0. (7.20)

We omit the proof of this lemma; see [13] for more details.

We are now in a position to prove Theorem 2.1. We divide the proof into two cases: o # 1
and o = 1. In the latter case, to prove the result for the Poisson process J, we need to show
that £1 (#n; By) and L1 (Pn; So.n) are asymptotically independent; likewise for !P,?. ‘We shall
then obtain the results both for the binomial process X, and for X from those for #, and P2,
via the coupling described in Lemma 6.4.

Proof of Theorem 2.1 for a # 1. First suppose that 0 < o < 1. For the Poisson case, we
have

n@ DR LRy = n DR LN (P So.0) + 0TV PL(Po; By) + 0O TDRLY(P; C).
(7.21)
The first term on the right-hand side of (7.21) converges in distribution to V (0, sé) by The-
orem 5.1(iv), and the other two terms converge in probability to 0 by (6.5) and (7.7). Thus,
Slutsky’s theorem yields the first (Poisson) part of (2.9). To obtain the second (binomial) part
of (2.9), we use the coupling of Lemma 6.4. We write

n @ D2 e (o6,)y = n@ V2 £ (X5 So.n) + 0@ V2L (Py; B, U Cy)
+n @2 (L% (X5 By U Cp) — L%(Pos By U Cp)). (7.22)
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The first term on the right-hand side of (7.22) is asymptotically (O, té), by Theorem 5.1(ii).
The second term tends to O in probability, by (6.5) and (7.7). The third term tends to O in
probability, by (6.22). Thus, we obtain the binomial case of (2.9).

The rooted case, (2.6), is similar. For the first (Poisson) part of (2.6), we use Corollary 5.1(iv)
with (6.6) and (7.8), and Slutsky’s theorem. The second part of (2.6) follows from the statement
analogous to (7.22) with the addition of the origin, using Corollary 5.1(ii) with (6.6), (7.8),
and (6.23), and, again, Slutsky’s theorem.

Next suppose that « > 1. We have

LYPy) = LY (Pus So.n) + LY (Pus Cn) + LY(Pus By). (7.23)

The first term on the right-hand side converges to 0 in probability, by Theorem 5.1(iii). The
second term also converges to 0 in probability, by the first part of (7.6). Then, by (6.3) and
Slutsky’s theorem, we obtain the first (Poisson) part of (2.11). To obtain the rooted version,
i.e. the first part of (2.8), we replace &, by JP,? in (7.23), combine (6.1) with Corollary 5.1(iii)
and the second part of (7.6), and apply Slutsky’s theorem again.

To obtain the binomial versions of the results (2.8) and (2.11), we again make use of the
coupling described in Lemma 6.4. We have

LYXn) = LY(Xn; So.n) + L2(Xn; Cn) + LY(Xn; Bn). (7.24)

The first term on the right-hand side converges in probability to 0, by Theorem 5.1(i). The
second term also converges in probability to O, by the first part of (7.6) and the first part
of (7.17). The third part converges in distribution to I:"o{[l} + I:"DEZ}, by (6.4). Hence, Slutsky’s
theorem yields the binomial part of (2.11).

Similarly, by replacing #, by £ and X, by X2 in (7.24), and using Corollary 5.1(i), the
second parts of (7.6) and (7.17), (6.2), and Slutsky’s theorem, we obtain the binomial part
of (2.8). This completes the proof for o # 1.

Proof of Theorem 2.1 for « = 1: the Poisson case. We now prove the first part of (2.7) and
the first part of (2.10). Given n, let g, := 4|n®T°~1/2]. Split each cell I'} of C; into a grid
of 4q, rectangular subcells by splitting the horizontal edge into ¢, segments and the vertical
edge into four segments. Similarly, split each cell ' ly by splitting the vertical edge into g,
segments and the horizontal edge into four segments. Finally, add a single square subcell in the
top right-hand corner of CS, of side-length (1/4)n®~1/2_ and denote this the ‘corner subcell’.

The total number of all such subcells is 1 + 8k,q, ~ 32n(1/D=¢  Each of the subcells
has width and height asymptotic to (1/4)n®~1/2, and so the area of each cell is asymptotic to
(1/16)n¢~1. Therefore, for large n, for each of these subcells, the probability that it contains
no point of #, is bounded by exp(—n?).

Let E, be the event that each of the subcells described above contains at least one point of
#,. Then

PIES] = O(nV/?~¢ exp(—nf)) — 0.

Suppose that x lies on the lower boundary of So ,,. Consider the rectangular subcell of I'}" lying
just to the left of the subcell directly below x (or the corner subcell, if it lies just to the left
of the subcell directly below x). All points y in this subcell satisfy y <* x and, for large n,
satisfy ||y — x|| < (3/4)n®~1/2, whereas the nearest point to x in B, is at a distance at least
(3/4)n*~1/2, Arguing similarly for points x on the left-hand boundary of Sy ,, and using the
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triangle inequality, we see that if E, occurs, no point in Sy , can be connected to any point in
B,,, provided that n is sufficiently large.

For srmphcrty of notatron we write X, 1= £L1(Py: By) and Y, 1= L (Py; So.n). We also
write X := D My D JandY ~ & (0, sl) mdependent of X, w1th s1.as given in Theorem 5.1.
We know from Theorem 6.1 and Theorem 5.1 that X, > X and Y, > Yasn — oc.

We need to show that X, + Y, Sx + Y, where X and Y are independent random variables.
We show this by convergence of the characteristic function,

Elexp(it (X, + Y,))] — E[exp(itX)] E[exp(itY)]. (7.25)

With o denoting the configuration of points in C,, we have

Elexp(it (X, 4 Y,))] = / E[e"Xrel | w]dP () + E[e" X T 1{ES)]

E,

= / E[e"*"]E[e"" | w] dP(w) + E[e!! Xn 1) 1{EC),
where we have used the facts that X,, and Y,, are conditionally independent, given w € E,,

for n sufficiently large, and that X, is independent of the configuration in C,. It follows that
E[e"Xn Y [{EC}] — 0 asn — oo, since P[ES] — 0. Thus,

Elexp(it (X, + ¥,))] — E[e"*"]E[e"" 1{E,}] — 0,

and we obtain (7.25) since E[e!'" 1{E,}] = E[e"""] — E[e!"""I{ES}], E[e""" 1{EC}] — 0,
E[eX"] — E[e'/*], and E[e/Y"] — E[e!’Y], as n — oo.

We can now prove the first (Poisson) part of (2.10). Consider the ¢ = 1 case of (7.23).
The contribution from C, converges in probability to 0, by the first part of (7.6). Slutsky’s
theorem and (7.25) then give the first (Poisson) part of (2.10). The rooted Poisson case, (2.7),
follows from the rooted version of (7.23), this time applying the argument for (7.25) with

= f! (PO s Bn), Yy = L1 (J’O So0.n), and X and Y as before, and then using the second
part Of (7.6) and, again, Slutsky’s theorem. Thus, we obtain the first (Poisson) part of (2.7).

Proof of Theorem 2.1 for « = 1: the binomial case. It remains for us to prove the
second part of (2.7) and the second part of (2.10). To do this, we use the coupling of
Lemma 6.4 once more. Considering first the unrooted case, we here let X, := £1(X,; B,),
Yy o= LY(X 0 So.n)s X, = LYP,: By), and Y, = L1 (Py; So.n) (note that all these random
variables are uncentred).

LetY ~ N (0, s%) with 51 as given in Theorem 5.1, and let X := [)il} + 5{2}, independent
of Y. Then, by (7.25), we have (in our new notation)

—E[X,]4+Y —E[Y]]> X +7Y. (7.26)

By (6.24), we have X, — X, 2 0and E[X,] — E[X],] — 0. Also, with o as defined in
Lemma 7.4, (7.19) yields

Y, =Y, —n" 2@ (N(n) —n) =20, (7.27)

whence E[Y,,] — E[Y,] — 0. By combining these observations with (7.26) and using Slutsky’s
theorem, we obtain

X, — B[X,]+ Y, — E[Y,] +n~ o1 (N(n) —n) > X + Y. (7.28)
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By Theorem 5.1(iii) we have var(Y,) — s12 as n — o0o. By (7.27) and the independence of

N (n) and Y,,, we have
s? = lim var(Y, +n~Y2a;(N(n) —n)) = lim (var(Y,) + o),
n—oo n—oo
whence a% < s%. Also, n='2a (N (n) — n) is independent of X,, + ¥, and asymptotically

N (0, a%)—distributed. Since the characteristic function of N (0, s2) is exp(—szt2 /2), for all
t € R we find from (7.28) that

(s% — oz%)t2

Elexp(ir (X, — E[X,] + Y, — E[Y,]))] — exp ( - 5

) Elexp(itX)],
whence 5
X, —E[X,]+Y,—E[Y,] > X+ W, (7.29)

where W ~ N (0, sl2 - a%) is independent of X.

Consider the o« = 1 case of (7.24). By the first part of (7.6) and the first part of (7.17), the
contribution from C, tends to O in probability. Hence, by (7.29) and Slutsky’s theorem, we
obtain the second (binomial) part of (2.10).

For the rooted case, we apply the argument for (7.29), now with X, := £1(X2; B,),
Y, = L] (XS; So0.n), and X, Y, and W as before. The rooted case of (7.26) follows from the
rooted case of (7.25), and now we have X, — X, 2 0and E[X,] —E[X] — 0, by (6.25). In
the rooted case (7.27) still holds, by (7.20), and we obtain the rooted case of (7.29) as before.

To obtain the second (binomial) part of (2.7), we start with the rooted version of the @ = 1
case of (7.24). By the second parts of (7.6) and (7.17), the contribution from C,, tends to O in
probability. Hence, by the rooted version of (7.29) and Slutsky’s theorem, we obtain the second
part of (2.7).

This completes the proof of the « = 1 case, and, hence, the proof of Theorem 2.1.
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