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We determine the limiting distribution of the maximum vertex degree 4, in a
random triangulation of an n-gon, and show that it is the same as that of the maxi-
mum of n independent identically distributed random variables G,, where G, is the
sum of two independent geometric(1/2) random variables. This answers affirm-
atively a question of Devroye, Flajolet, Hurtado, Noy and Steiger, who gave much
weaker almost sure bounds on 4,. An interesting consequence of this is that the
asymptotic probability that a random triangulation has a unique vertex with maxi-
mum degree is about 0.72. We also give an analogous result for random planar
maps in general.  © 2000 Academic Press

1. INTRODUCTION

Throughout this paper, a map is a connected graph G embedded in the
plane with no edge crossings. Loops and multiple edges are allowed in G.
A map is rooted if an edge is distinguished together with a vertex on the
edge and a side of the edge. The distinguished vertex and edge are called
the root vertex and the root edge of the map. The face on the distinguished
side of the root edge is called the root face. A rooted triangulation of an
n-gon is a topological triangular disection of an n-gon (with no loops or
multiple edges) which has a root edge on the n-gon and the root face is the
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external face bounded by the n-gon. Equivalently, this is a rooted map with
no loops or multiple edges, with the boundary of the root face a simple
n-cycle and with all non-root faces of degree 3. (It would be equivalent for
counting purposes to define the n-gon to be convex and the disection to be
into triangles with straight sides.) Two rooted maps or triangulations are
considered the same if there is a homeomorphism from the plane to itself
which transforms one rooted map to the other and preserves the rooting.
Throughout this paper, all probability distributions are uniform over a
given family of rooted maps. P, E, and V are used to denote the prob-
ability, expectation, and variance of a random variable, respectively. We
use 4,, and {, , (or {, for short), to denote the maximum vertex degree,
and the number of vertices of degree k, respectively, of a random rooted
map in a given family.

Devroye et al. [6, Theorem 1] point out the connection between 4, for
random triangulations of an n-gon, and the maximal distance between
successive external nodes in a random binary tree. Their main results on
random triangulations of an n-gon are that E(4,) ~log n/log 2, and

P(|4,, —logn/log?2| < (1 +¢) loglogn/log2)—1

for any constant ¢ > 0. They asked if 4, has the same limiting distribution
as the maximum of » independent variables each distributed as the degree
of one vertex.

We shall make improvements on these results, answer affirmatively their
question on the limiting distribution, and derive analogous results for ran-
dom planar maps. Our basic method is to study the distribution of the ran-
dom variables {, for appropriate values of k. To do this we use the method
of moments. This seems to represent the most direct application so far of
probabilistic methods to the theory of random maps, a theory in which
most results rely on the use of generating functions.

Our main results on 4, are the following. Although the last statements
in Theorems 1 and 2 are sharpened by Corollary 1, we state these results
separately because their proof is much simpler.

THEOREM 1. For rooted triangulations of an n-gon,

log n+1loglogn
E(4,)==5 0 5 +0(),  V(4,)=0(logn),

and
P(|4,— (logn+loglogn)/log2| <Q,)=1—0(1/log n+ (1/2)%),

for any function Q,, — co.
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THEOREM 2. For rooted maps with n edges,

_logn—(1/2)loglogn
E(d,)= log(6/5)

+ O(1), V(4,) = O(log n),

and
P(|4,—(log n—(1/2) log log n)/log(6/5)] <2,) =1 — O(1/log n + (5/6)),

for any function Q,, — co.

Our more precise results are based on showing that for values of k close
to the expected maximum degree the {, are asymptotically independent
Poisson random variables. To identify this value, in the context of
triangulations of a polygon define a=3, and y=y,(n) so that nya’=1.
Similarly, for rooted maps definea = 2, and y = y,,(n) so that n(107y) =2 o” = 1.

THEOREM 3. For both rooted triangulations of a polygon and rooted
planar n-edged maps, there exists a function w=w(n)— oo (sufficiently
slowly as n— o) so that the following holds. For k=|y—w], the total
variation distance between the distribution of ({y, (x4, --), and that of
(Zi> Zy 11> ) tends to 0, where the Z; are independent Poisson random
variables with EZ; = o/ 7.

COROLLARY 1. For rooted triangulations of an n-gon,
P(4,<x+yp(n)) ~exp(—2'"7)

uniformly for |x| bounded with x +yp(n) an integer, and for rooted maps
with n edges,

P(4, <x +7yp(n)) ~exp(—6(6/5)' %)

uniformly for |x| bounded with x + y,/n) an integer.

Theorem 3 implies the asymptotic joint distribution of the j largest vertex
degrees for any fixed j, but we state only the following interesting special
case.

COROLLARY 2. The probability that a random rooted map has a unique
vertex with maximum degree is asymptotic to Y. 2°___ 2m+rr™exp
(—2m+¥m+1)~ 07215 for triangulations of an n-gon and Y °_
(6/5)"*ru™ exp(—6(6/5)"+ ™)~ 09141 for all maps, where yp(n) and
v n) are the fractional parts of yp(n) and y,/n) respectively.
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By numerical calculation, the probabilities here are functions of y, and
var With oscillations of magnitude approximately 10~* and 10722 respec-
tively. They are equal to 3S,(yp(n)+1)=3S,(yp(n)) and ¢Ses(yaln)+
loges 6) where S.(x)=3>"___ "+ exp(—c"*¥), a function with period 1.
B. D. Hughes pointed out to us that S,(x) can be better understood using
the classic Poisson summation formula (see Olver [11]), which gives

S(x)= ) J c' T exp(—c' ) exp(2mimt) dt.
Setting z =c"** gives
1 i o
S.(x)= Y. exp(—2mimx) J exp( —z + 2zim log z/log ¢) dz,
loge , = 0

and the integral is just I'(2mim/logc+1). The small fluctuations are
explained by noting that the term m =0 dominates easily for ¢ close to 1,
and indeed as |y| — oo for fixed x,

|F(x +iy)| ~ (22)2 [ p|¥ =12 exp( = (7/2) | y]).

Related functions occur in the theory of random walks as discussed by
Hughes [10].

Corollary 2 contrasts with the result in [9], where it was shown that
almost all maps in a certain family have a unique maximum “component”,
for various families.

In [12] it was shown that almost all maps are asymmetric. Similarly,
almost all triangulations of a polygon are asymmetric. (This is much
simpler to prove: the numbers with given symmetries can be derived, and
each is exponentially smaller than the total number of maps. Since the
number of symmetries is at most 2n for an n-gon, the result follows.) So an
immediate corollary is that the distributions given in Theorem 3, and its
corollaries, also apply to random unrooted polygons and maps.

The basic relation between maps (or n-gons) with distinguished vertices
of given degrees, and the moments of the variables {, for the numbers of
vertices of given degree, is given next. For r distinct positive integers
ki, ks, .o k,, let P,LKTY, k52, ..., k7] be the number of rooted triangula-
tions of an n-gon which has root vertex degree k,, m;—1 other
distinguished vertices of degree k,; among which there is a specified
linear ordering, ..., and m, distinguished vertices of degree k, among which
there is a specified linear ordering. Similarly define M, [ k7", k52, ..., k7] for
all rooted maps. Let P, (M,) be the number of rooted triangulations
(maps) with n edges. We use the notation [/],, for the falling factorial
(i—1)---(i—m+1).
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LemMma 1. (1) For triangulations of an n-gon,

P kml, kmz’ - k:n’
E([Ckl]ml[Ckz]mZ'”[Ckr]mr)Zn L K1 Pz ].

n

(i1)  For all rooted maps,

2nM [k, k52, o, kT
E([é’kl]ml [Ckz]ml.”[ék,]mr): n n[ 1k1]‘/[2 ]

Proof. Call a rooted map multiply distinguished if it has a set of
distinguished vertices of which m, are of degree k,, m, of degree k,, ..., and
m, of degree k,, where the distinguished vertices of the same degree are
additionally given a linear ordering. A doubly rooted map is a multiply
distinguished rooted map with an additional secondary rooting at the first
vertex of degree k,. (Note that the secondary rooting may coincide with
the primary rooting.) We will assume both rootings have the same orienta-
tion, so that the number of ways of affixing the secondary rooting is exactly
k;. On the other hand, the doubly rooted maps can be obtained from all
those rooted maps counted by M, [ k71, k%2, ..., k7] by calling the rooting
of such a map secondary, and choosing any of 2n places for a primary
rooting. Hence the number of multiply distinguished maps is

MM, [k, ke, k]
kl ’

(1)

For multiply distinguished triangulations of an n-gon, the argument is
similar except that there is only one way to affix the secondary rooting, and
n ways to choose a primary rooting, so their number is

nP [k, k52, ., k7] (2)
For all rooted maps, we have

E([ e Im [, T, - [k 1)

1 : . :
=3 2 [0 (2] [ids,

niL iy, i,

x (#rooted maps with n edges, i; vertices of degree k;, j=1, ..., )

1
=37 % ( #multiply distinguished maps)

oMLK K, e k]
a kan
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from (1), which gives (ii). The proof of (i) is essentially the same, but using

). 1

In Section 2, we give several analytic lemmas needed to prove our main
theorems. Lemmas 2 and 3 are multivariate versions of some “transfer
theorems” discussed by Flajolet and Odlyzko [7]; they are interesting in
their own right and are useful for other asymptotic enumeration problems.
In Sections 3, we calculate information on the first two moments of {,
for the two sorts of maps. Then in Section 4 we prove Theorems 1 and 2
using the second moment method. We compute all the joint moments in
Section 5. The calculation in this section is quite technical, which is typical
in map enumerations, and some familiarity with [2] will be helpful.
Readers may skip the proofs in this section if desired. We prove Theorem 3
and its corollaries in Section 6.

2. ANALYTIC LEMMAS

We need to introduce some notation before stating the basic analytic
lemmas we will use to obtain asymptotics for coefficients of generating
functions. In the following, ¢ will denote a small positive constant, ¢ is a
constant satisfying 0 <¢ <n/2, and y=(y;, y,, .., V4). Define

A6 )= {x: x| <1+e x#1, |Arg(x —1)| > ¢},

Aj(gs ¢)= {J’j: |J’j| <1+e, J/j7513 |Arg(J/j_1)|>¢},
A, )= {(x,y): |yl <1,1<j<d, xed (e ¢)}.

Let ;>0 for 1< j<d, and « be any real number.

DEerINITION 1. We write

d
flx,y)= O<1—x n (1—y) ﬁf)

if there are ¢ >0 and 0 < ¢ <7x/2 such that in Z(e, ¢)
(1) f(x,y) is analytic, and
d
Ay =0 (11—t [T (= 1y #)
j=1

as (1—=x)(1—y;)77—0, for 1 <j<d, and some p>0.
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(i)
d

s m=0(=x1= T (1= 1,0~7)

Jj=1

for some g >0 and some real number o

DEFINITION 2. We write

d
Sy xe(l—x) [ (1=y) %
j=1

if f(x, y) can be expressed as
d d
S y)=cy)(1=x)* [T (1=y) 5+ 3 Cix,y)+E(x,y)
Jj=1 Jj=0
such that

(i) Co(x,y) is a polynomial in x, and for 1 <j<d, Ci(x,y) is a
polynomial in y;.

(ii)
N d
E(x,y)= 0< )T (=) ﬁ]‘>,
j=1
for some o’ <o andﬁj’zo I<j<n.

(i) c(y)=c+O(X{_,|1—y;]) and is analytic in {y: y; € 4,(e, ¢)},
and ¢(1)=c#0.

Note that the range of k; in the following lemmas can obviously be
relaxed, but only k;= O(log n) is needed in our application, and makes a
result which is simpler to state.

LemMA 2. Suppose
N d
f(X’Y)=0<1—x 1=y ﬂ’>~
j=1

Then
(i) asn— oo and 1<k;=O0(logn) (j=1,..,4d),

d
[y f(x, )= O (n“—l 1 k,’?’f);
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(ii) for any 0 <&’ <1 and all n, k;,
d
ey fxy) =0 (et [T (1)),
j=1

Proof. letI'.=I,uIl,ul;ul,bethe (positively oriented) contour,
with

o

1
v 1= Arglr— 1) 4

1
Fzz{x: [x—1]=—, |x|<1+g, Arg(x—l)=¢}
n
{x:]x|=1+e, |Arg(x —1)| > ¢}

1
I}:{x: |x—1|>;, x| <14¢ Arg(x—1)= — }

Let I, = {y,:1y;l=1—=1/(k;+2)} be a positively oriented contour. Using
Definition 1(i) and Cauchy’s formula, we have

[y*] f(x, y) = (2ri) "D [ [ [0 by =Gy y) d dy

r.’r, »
:0<J J j |x|—(n+l)|f(x’y)| |dx| |dy|>
Ty Fyl Fyd

For a large positive constant C, define
I'''=T;u{x:|x—1|>Clogn/n, |x| <1+e¢, |[Arg(x—1)| =¢},
and let 7'}, be the remaining part of I",. Let I’ be the contribution to the

above integral from xe I'",, and I” be the contribution from xe I'’,. Then
using Definition 1, we have

r-of
J

s

kﬁ)f 1= = |x| =D Ja,
1 I

and

d
1~=0<ﬂ kff>j 11— x|~ x| =+ |dx].
-

=1 X
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Using

t . t
‘l—i—e”’ >1+-cos¢
n n

for z=1+(¢/n) " on I', and I',, we get quite easily (as in the proof of [7,
Theorem 1]) that

[ == x| =D jax| = 0(n =),
.

x

and
J |T— x|~ [x| ="+ Y |dx| = O(n*"),
r;

and hence (i) follows.
The statement in (ii) follows by modifying the argument used above,
with I", = {y,11y;l=1—¢} for each j. |

LEMMA 3. Let d>1 and

d
fx,y)xe(l—x)~ H (1—y)7,

where o is neither a negative integer nor 0, and ¢ #0. Then as n — oo and
k; — o0, k;=0(logn) (j=1, .., d),

[x"y*] f(x, y) = H A=) n <1+0<]i (1/k,.)>>.

]—1 =1

Proof. Since n and the k; all go to co, the polynomials C;(x,y) in
Definition 2 contribute nothing. Thus, by the previous lemma, we have, for
k;= O(log n), that

d

[x"y ] fx, y) =[x"1(1 —x)"* [y T e(y) [T (1 =pp)™h

j=1
d
o(w=1] k;.%'->,
j=1

for some o' <a, f;>0, and c(y)=c(1)+ O3 7_,[1—y;|) analytic in
{y: y;€4,(e ¢)} with ¢(1)=c. Use the contour Fx, as used in the proof of
the previous lemma, for each y; (replacing n by k;, of course), and compare
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with evaluation of the same coefficient in ]_[]‘?:1 (I— yj)’ﬂf by the same
integral. In this way we obtain

[¥*] ) ,f[l“_y’ = [y]f[ (1—y) ﬁ<1+o<j§11/kj>>.

Therefore

Y

[x"y*] f(x,y) =

PTHI(B)) n*~

< +o<§ 1k = [T k- )

Jj=1

The following lemma will be used later to verify that the generating
functions in our applications satisfy the conditions of Lemmas 2 and 3.

LemmaA 4. Let f(x)=3 f,x" be a generating function with non-negative
coefficients. Suppose

(i) There is a nonempty set J of indices satisfying f,> 0 for jeJ and
ged{j—j'1jj'elt =1

) f(x) is analytic in A, (¢, ¢) and f(1)=

(i) f(x)=1—c(1—=x)"*4+0(1—x)"?) for some ¢>0 and
xed (e §).

Then there exists 0 <&’ <e such that | f(x)| <1 for xe A(¢', §).

Proof. 1Tt follows easily from (i) and (ii) that | f(x)| < f(1) for all |x| <1
and x#1. (See e.g. [9, Lemma 1] for a proof.) Therefore, there exists a
small positive ¢ such that

lf(x)] <1 forall xed(e,¢)—{x:|x—1|<¢}.
For |[x—1| <& and xe (e, ¢), we have
(1 =x)2=re", with 0<r< ()% 10| <(n—¢)/2.
It follows from assumption (iii) that
|f(x)] =1 —cre®| +o(r)=1—crcos 0+o(r) <1

for sufficiently small r. ||
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3. THE FIRST TWO MOMENTS

In this section we do the counting required to obtain the first two
moments of the number of vertices of given degree. This requires keeping
track of the degree of a distinguished vertex, besides the root vertex.

We first consider rooted triangulations of an n-gon. For simplicity since
we only need the first two moments here, let P, , denote the number of
these triangulations with n vertices and the root vertex of degree k, and
P, ., the number of these with additionally another distinguished vertex of
degree /.

LemMa 5. Let & be any constant satisfying 0 < <2. We have

(1)

E({) =0(n(2—¢')7")

for all k and n

(i1)

E((,) =nk2~%(1 + O(1/k))
and
E((u(C— 1) = (E(R)* (14 O(1/k))

for k= 0(log n).

Proof. Define generating functions

P(x’ y):ZPn,kxnyk’ F(X, yvz):ZPn,k,lxnykZl'

Let P,(x, y, z) be the contribution to P(x, y, z) from those triangulations
in which the distinguished vertex is incident with the root edge, and
P2(X, Vs Z)ZP(X, Vs Z)_Pl(xa Vs Z)'

Figure 1 shows a decomposition of a rooted triangulation of a polygon
into a number of other rooted triangulations of polygons, based on delet-
ing the root vertex. (Root vertices are circled, and the convention is that
the root edges is the next edge clockwise from the root vertex around the
perimeter of the polygon.) Using this decomposition, we obtain

2 2 +I_M
P(x, y)—x*y=x kz,l(P(x, 1)/x)* y* T1—P(x, 1) y/x’
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FIG. 1. Decomposition of a rooted triangulation of a polygon into several triangulations.

Setting y =1 and solving for P(x, 1), we obtain
P(x, 1) =x(1—(1—4x)'2)2, (3)

and hence

n=?4"(14 O(1/n)). (4)

1
P,= m
It is convenient to use the parameter
t=t(x)=(1—(1-4x)"?))2, te. x=t1—1). (5)
We then have

P(x, y)=xy/(1 = yt). (6)

Now we analyze P(x, y, z). Using the decomposition depicted in Fig. 2,
where the root edge is deleted and two polygons result, we obtain

Pi(x, y,z)=x*yz+x 'yzP(x, y) P(x, z), (7)
and
Py(x, y,z)=x""yP(x,z) Py(x,, y,2)
+x7'yP(x, 1) Py(x, y,z) + x'yP(x, p) Py(x, 1, 2).
Hence

FZ(xa ya Z):xily(l_ty)il (P(X, Z) Pl(-xa y>Z)+P(-x7 y) F2(x’ I’Z))'
(8)

Setting y =1 and solving for P,(x, 1, z), we obtain

Pyx,1,z)=(1 —4x) "2 x7'P(x, z) Py(x, 1, 2). (9)
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FIG. 2. Decomposition of a rooted triangulation of a polygon into two triangulations.

It is easy to see that 2#(x/4) satisfies the conditions of Lemma 4, and

hence |2#(x/4) < 1. It follows from (6)—(9) that P(x/4, 2y) and P(x/4, 2y, 2z)
are analytic in a region %(¢, ¢) required in Definition 2 and

P(x/4,2y) = 0< ! > (10)
1—1y|

We claim that
P(x/4,2y)~ — (1 —x)"2 (1 —y) 72 (11)
For this we let
E(x, y)=P(x/4,2y) = (= »*(1 =x)"2 (1 = ») 7?8+ x°p(1 — y)~'/8).
It follows from (10) that
E(x, y)=0((1=y)7?), for (x,y)eZ(z ¢).

We also have from (6) that, as (1 —x)(1—y) 2—0 and (x, y) e Z(¢, ¢),
x%y
8(1—y+y(1—x)"?)
x%y 1
8(1—y) L+ y(1—x)"(1—p)"!
== (1=y) 2 (1=x)"8+x°(1—y)"'/8
+O((1=x)(1—y) ™),

P(x/4,2y) =

that is

E(x, y)=0((1—=x)(1—=]y])7?).
Hence

E(x, y)=0((1=x)(1—=y) ),
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It is easy to see that P(x/4,2y) satisfies the conditions (i) and (iii) in
Definition 2, and hence (11) follows.
Similarly, we have from (6)—(8), that

P(x/4,2y,22) 2 15(1 —x) 712 (1= y) 2 (1 —2) 72 (12)
By Lemmas 2 and 3, we have

1

T

k2 ~kn=324(1 + O(1/k)),

P, =427 [x"y*] P(x/4, 2y) = ”

k22~ 2n = 12471 + O(1/k)),

_ 1
Py ik =4"27 [ x"y* 2] P(x/4, 2y, 22) = 6
T

for k= 0O(logn), and
P,=0((2—&) % n=¥24m)

for all k, n. Now the lemma follows from Lemma 1. ||

Next, define M, , and M, , , analogous to P, , and P, ,, but for all
rooted maps. In the following, {, refers to the number of vertices of degree
k in a random rooted map.

LEMMA 6. Let &' be any constant satisfying 0 <¢' <6/5. We have
(1)
E((,)=0n(6/5—¢)7%) for all k, n;

1

E({y) = 5 k=12n(6/5)7" (1+ O(1/k))

n
and

E((u(C— 1) = (E(R)* (14 O(1/k))
for k=0(log n).

Proof. Define generating functions

M(X, y)zzMn,kxnyka M(X, y»Z)zzMn,k,lxnykZl'
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Define X=(1-—12x)"? with the determination being positive for
x<1/12, and

f(x)=6/(X+5), (13)
A(x, y)=(1=(5+X) »/6)
X (1= y/3=5y*/12+ (y/3+ y*/6) X + y>X?/4)'?

= (1= (5+X) p/6)(1 — yfi(x)'2 (1 = pfa(x)) "2, (14)
where
o (3X+5)
N =g xR (1= x) 2 =2 s
B (3X+5) .
= X —x P12

It was shown in [ 3] that (noting there is a typographical error in (4.12):
M and M are equal to S and D respectively, by duality)

M(x. )= (A(x, ) = 1+ y— 93202y — ), (16)
_ —1
Mix. 1, 2) =(fz_}z (=M(x, =) — M(x, /), (17)

and
M(x, y,z)=A(x, y)~!
(y—1)xyz

X <xyM(x, 1,z)— (zM(x, z) — yM(x, y))>. (18)

To apply Lemmas 2 and 3, we need to show that |f(x/12)] <6/5 and
| fo(x/12)] <6/5 for x € 4,(¢, P).
Since

Re((1+X/2)2 (1 —X)~?) >0,
it is clear that
| f2(x/12)] < | f1(x/12)] (19)
for x € 4,(¢, ¢). We now

Claim. |f1(x/12)| <6/5 for x € A(¢, ¢).
To see this, we set

w=xV2=11-1*)"2(142¢*""1
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so that ¢ is positive for small positive w. It follows from (16) that

fi/w=2+1)(1 _2«2)—1/2_

By Lagrange’s inversion formula, we see that f;/w has a power series
expansion in w with positive coefficients. We also have from (16) that

6f,/5=1—(2/5) X+ O(X?)

for x near 1/12. Now the claim follows from Lemma 4.

Noting that the factors z— y and 1 — (5 + X)) /6 in the denominator of
(18) do not cause any singularity in M(x, y, z), we have, from (13)-(18),
that

A(x/12, 6y/5) ~ (8/625)(8/5) =12 (1 —x)*2 (1 — y) =2,
M(x/12, 6y/5) = (4/15)(8/5) 712 (1 —x)*2 (1 — y) 72,
and
M(x/12, 6y/5, 62/5) ~ —(1/10)(1 —x)2 (1 — y) =32 (1 —2) "2,

as (1=x)(1—yp)™2->0and (I —x)(1 —2z)"2-0.
Applying Lemmas 2 and 3, we obtain
M, =12"(5/6)" [x"y*] M(x/12, 6y/5)

(2/5)" Va5 ek o
=3TGR) I3 < TG0 1271+ O /K)), (20)

M, k= 12"(5/6) [x"y*z"] M(x/12, 6y/5, 62/5)

1
T10I(3/2) I(1)2) T(—1)2)

n=32(5/6)% 12"(1 + O(1/k)),  (21)

for k= 0O(1/logn), and
M, = O0((6/5—¢) " n=?12m). (22)

Now the lemma follows from (20)—(22), Lemma 1 and the fact

anin_s/ZIZ”(l + O(1/n)) (see e.g. [3,(5.2)]).
n
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4. PROOF OF THEOREMS 1 AND 2

Theorems 1 and 2 will follow immediately from Lemmas 5, 6 and the
following.

LemMmA 7. Let (= (n) be the number of vertices of degree k in a
random map with n edges from a given family, and p, = u,(n) =E({,). Let
o, f and 6 be constants with a >0, 6 > 0. Suppose

(i)
tie= O(ne™"%)
for some positive constant o', and
(i)
tie=0kPne = (1 + O(1/k)),  E({le— 1)) =pi(1+ O(1/k))
for k=0(logn).
Then

_logn+floglogn

E(4,) 5

+ O(1), V(4,) = O(log n),

and
P(|4,—(logn+ floglogn)/d| <2,)=1—0(1/logn+exp(—93R2,))

for any function Q,, — co.

Proof. it is clear that we only need to consider the case where
Q,=0O(log log n). Put

k(n)=[(logn—+ floglogn)/oT,

and k=x(n)—| 2, ]. We have, from (ii) that, for some positive constant
¢ and for n sufficiently large,

1, > c(logn)? nexp(—logn—pBloglogn+6Q,) =cexp(éR,),
and

V(&) =E(G( e — 1)) + pp — g = OV ke + 1uy) i
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Hence
V(i) = O(1/log n +exp(—02,)) i3
By Chebyshev’s inequality,
P((,=0) < V(C)/ui = O(1/log n+exp(—92,)),
and hence
P(4,,> (logn+ ploglogn)/do —Q,)
>P( > 1)
>1—0(1/log n+exp(—02Q,)). (23)

On the other hand, we have, for k' =x(n)+ 2, ]1—1 and C>5/’, that

Y= Y w0 ¥ mew-dh) by ()

Clogn <
k=k' k=k' k> Clogn

=0<(log nfn 'y exp(—ék)>+0(1/n4) (by (ii))

k=k'
= O(log n)? nexp(—logn— B loglogn—34Q,) + O(1/n*)
= O(exp(—6Q,) + 1/n*).

By Markov’s inequality,

P< » ck>1>< S e = O(exp(—02,) + 1n®),

k=K k=K

and hence

P(4,, > (logn+ floglogn)/d + Q,)

<P< > Ck>1>

k=K

= O(exp(—0R,) + 1/n*). (24)

The last part of the lemma follows from (23) and (24). The required lower
bound for E(4,) can be obtained by noting

E(4,)= ) P4,2k) =k P(4,2k)+ )  P4,=k)

k=1 ko+1<k<x(n)
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for ko =1 (2/30) log n_] and using (23). The upper bound comes from
2n

E(4,)<w(n)+ ) P(4,2k)

k=x(n)+1

and (24).
To obtain the required bound for V(4,), we note

Vid,)= 3 (k—E(4,)*P4,=k)

1<k<2n

< Y (k—E(4,))*P(4,=k)
1<k<k(n)—./logn
+ > (k—E(4,))* P(4,=k)

x(n) —/log n <k <x(n)
+ ) (k—E4,)*P(4,=k)

K(n)<k<2n

< O((log n)* (1/log n)) by (23)
+ O((log n)? (1/log n))

+0< y jz(l/n4+exp(—6j))> by (24).

0<j<2n

This completes the proof of Lemma 7. ||

5. HIGHER MOMENTS

In this section we derive formulae for the higher joint factorial moments
of the variables counting the number of vertices of given degree in a ran-
dom polygon or map. The lemmas proved here are used in the next section
to determine the distribution of the maximum degree in each case.

Consider rooted triangulations of a polygon with a set I of distinguished
vertices other than the two ends of the root edge. Let P(x, y,, ¥, z;) be the
generating function of such triangulations, with x marking the number of
vertices, y; marking the root vertex degree, y, marking the degree of the
other end-vertex of the root edge, and z, marking the degree of the ith
distinguished vertex. For convenience, we use P(x, y;, y,) to denote
P(x, y1, 5, &), and include the term x2y,y, to cope with the degenerate
triangulation which is just a single edge. We first prove the following
results on the behaviour of the generating functions.
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Lemma 8. For |I|=m>=1,

P(x/4’ 2y17 2y27 221)

=6<(1—x)“2"'<1—y> (1= y2) 2] (1-2) )

iel

P(X/4, 2)7, 19 2ZI)
=P(x/4,1,2y,2z))

ra(1-x)2" (1 —p)2[[(1-2)72

iel
and
P(X/4, 17 1, 22])%(11(1 —x)1/2—|1| l_[ (1
iel
with
ar=da —M —m—1
T m=1)!
Proof. We have from (6) and (7) that
x*y1y3

P — 2
(x, Y1, ¥2) xyl)’2+(1 (0 —30)

where ¢ is defined in (5). Hence
P(x/4,2y,1)=P(x/4, 1, 2y)
=412 =521 2 (10"
+0((1=x)(1—y)7?),

and

P(x/4, 1, 1)=1—11—x)2—1(1—x)+ 11 —x)*"

(25)

(26)

(27)

Let 7 be a nonempty set and consider triangulations with distinguished
vertices indexed by 1. We use J<= I to mean J<=1, J# &, I. For J=I and
J;=I1—{i}, we define J=I—J and J,=1—{i} —J;. Let v be the vertex

adjacent to both ends of the root edge.

Case 1. wvisnot a distinguished vertex. The contribution from this case is

x_lylyZ Z P(X, Y1, 1, ZJ) P(x: Y2, la 2.7)'

JeI
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Case 2. v is a distinguished vertex. The contribution from this case is

xilylyZ Z Z P(X, ylszia ZJi) P(X, yz,Zi,Zjl.)~

iel J;=I—{i}

Therefore we have, for I# (7,
P(X, yla yZ’ZI)
=x_1y1y2<P(x, yl: 1)P(X, y2’ 1921)+P(x9 y2a 1)P(X, yla 1521)

+ Z P(X, Y1, 1aZJ) P(X, Y2, I,Zj)

JoI
+z Z P(X, Y15 2is ZJ,-) P(X, Y2, Zi,s ZJ_‘)> (28)
iel Ji=sI—{i}

Setting y, =1 in (28) and solving for P(x, y,, 1, z;), we obtain
P(X, Y1, 1921):(1 —l)’1)71X71y1 <P(X, Y1, 1) P(Xa 19 1)ZI)

+ Z P(X, Yis lsZJ) P(X, 1a laZj)

VASY &

+x—1ylz Z P(X, ylaziazJi)P(x’ I;Ziazfi)>'
iel Ji=I—{i}
(29)

Setting y; = y, =1 in (28), solving for P(x, 1, 1, z;), and noting
1—2P(x, 1, 1)/x=(1—4x)",
we obtain

P(x, 1,1,z)=(1—4x)~'2 <x_1 Y P(x,1,1,2,) P(x, 1,1, z5)

JoI

+x—1 Z z P(X, 15 Zis ZJ,-) P(X, I,Z,', ZJi)>- (30)

iel J,=I—{i}

Now we can prove the lemma by induction on |/| using (28)—(30). It is
helpful to note that P(x, yq, ¥,,z;) 1s symmetric in y; and y,. When
|I] =1, we obtain from (26)—(30) that

P(x/4,2y,1,2z)=P(x/4, 1, 2y, 2z)
8(1—x)""2(1—y)2(1-2)72 (32)

X
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and
P(x/4,2p1,2y5,22) =0((1 —x) "2 (1= y) 72 (1= p,) 2 (1 —2)72).
(33)

Hence the lemma holds for |I| = 1. for |I] > 2, assume that the lemma holds
for all proper subsets of 7. It is important to note that, in (28) and (29), only
the first term is dominant. In (30), only the first summation is dominant.
By (30), we have

P(x/4,1,1,2z)~a,(1—x)">" M [T (1—z)72,
iel
with
a;=4Y aja;=4 Z < ) a4, ;. (34)
J=TI j=1 J

By (29), we have
P(x/4,2y,1,2z;)=P(x/4, 1,2y, 2z,)

~a(1—x)2= 1 (1= y)2[[ (1—z)2

iel

y (28), we have
P(X/4, 2y13 2)/2» 2ZI)

=5<<1 )W (L )2 (1= yy) 2 (1 —zi>—2>.

iel

To derive the desired expression for a,,, we introduce the exponential
generating function

=Y a,u”/m!.

m=1

It follows from (34) and the initial condition «, = 1/16, that
a(x) — x/16 = 4a’(x).

Hence
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and

a,=m![x™] a(x)zwé‘—m—l. I

(m—1)!

LEMMA 9. For random rooted triangulations of an n-gon, defining
e =E(Ly) we have

r

B[ 1o, [Ty - [ 1) = [T w2 (14 O(1/k)))

j=1
provided that k;= O(logn), 1 < j<r as n— co.
Proof. Let M;=3Y!_,m;and I={1,2, .., M,—1}. We have

M;—1 M2—1 M,—1
Pk, .., k:"r]:[x” WOIT 28 1 2% I1 zi.‘r} P(x, y,, 1,1)
i=1 i=M, i=M,_
M —1 M2—1 M,—l
R R TN VI (e
i=2 i=M, i=M,

P(x, yla)’ZaI_{l})

M -1  M,—1 M,—2
R N TR T
i=1 i=M, i=M,

P(X, ylﬁl_{Mr_l})
Applying Lemmas 8, 2 and 3, we have

ar

Pn[krlnl, ey k;n,] W

41 =32 ]‘[ k72751 + O(1/k;)).
j=1

(35)
Now the lemma follows from Lemma 1 and

a 1
r(r—12) 16/z

Now we turn to all rooted maps. Let 7 be a finite set. Define generating
functions M(x, y, z;) for rooted maps with distinguished vertices labeled by
a set I, with x marking the number of edges, y marking the root vertex
degree, z; marking the degree of the ith distinguished vertex. By duality,
M(x, y, z;) also counts rooted maps by the root face degree and other dis-
tinguished face degrees. For convenience, we simply use M(x, y,I) to
denote M(x, y, z;), and use M(x, y) to denote M(x, y, &).
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Let X and A4 be as defined in Section 3, with 4 at (14). It follows from
[2, (2.2)] that, for I# J,

A(x, y) .
o M D=0y =1) T MO 3, 0) MO 3, 0)+ M, 1, 1)
JoI
+Z Lz M(x, z;, I — i) — yM(x, y, [—1)).
ie l y
! (36)
Let

t

MO(x, 1) =—— M(x, y,I) .

(9y) »=6/(X+5)

We first establish the following.
LEmMMA 10. Let |I|=m=>=1. Then

MO(x/12, 62;/5) X ¢ (1 =) ¥R [T (1—2,) 712,

iel

where c,, , satisfy the following recursion

125 d
chmt j+z z ( >< >Ck/cm k,t—j 09 t>1) m>29

Jj=0 k=1

with the initial values

cro=/5/12 [u'](1 —25u/18) 12,

Proof. 1t follows from [2, Lemma 2] that

AD(x/12) = /2/3 (1 —x)"2+ O((1 — x)*2),
AD(x/12) ~d (1 — x)¥4— 12,

and
MD(x/12, &)~ (125/6) d (1 —x)3*— 12,

where d, has the following exponential generating function

=—/23u./1—25u/18. (37)
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Now we prove the lemma by induction on (m, t). We first deal with the

initial case (m, t) = (1, 0). Using recursion (36), with the help of Maple, it
is routine to show

M(x/12,6/(X +5), 6z/5)~/5/12 (1 —x) "4 (1 —z)~ '~
Hence the lemma holds for (m, t)=(1, 0).
For t>1 and m =1, applying 0’ *!/(0y)’*! to both sides of (36), setting
y=06/(X+5), and using the induction hypothesis for smaller values of ¢, we

obtain

t+1

N .
10(¢ + 1) AVMO(x/12, 62/5) ~ —10 Z <“T >A(J)M"“f)(x/l2, 62/5).

Hence
M(x/12, 62/5) rep (1 —x)"VAT2 (1 — )72

with

t+1 l-l—l
__Z< >dclt+1 —j- (38)

Define the exponential generating function

B(u)=Y ¢, u'/t!.

t=1

We obtain from (38)

u) B(u) + (/10/6) u

Hence

B(u)=/5/12 (1 —25u/18)~1~, (39)

which establishes the lemma for m = 1.

For |I|=m>2, we apply &'*1/(0y)'*! to both sides of (36) and set
y=6/(X+5). Noting that the second summation in (36) is negligible, we
obtain
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—125
TA(”M(’)(X/IZ, 6z,/5)

t+1

t+1
~ Z < * >A‘”M(’+1 Mx/12, 62,/5)

t+1m—1 t+ 1 ) )
+> ) < >< ) >M‘f)(x/12, 6z,/5) MU*T1=9(x/12, 62;/5).
j=0 k=1 J
By the induction hypothesis, we obtain
MO(x/12, 6z,/5) ~ ¢, (1 —x)* == [T (1—z,) 7',

iel

with ¢, , satisfying the desired recursion. |

LemMa 11. For random rooted maps, defining u, = E({,) we have

E(LCk 1, [k, Ty - [k, 1) l_[ ue (14 O(1/k;y))

provided that k;= O(logn), 1 < j<r as n— .

Proof. Setting y=6/(X+5) in (36), applying Lemma 10, and noting
that the second summation is negligible, we obtain

m—1
M(x/12, 1, 6z,/5)~ (6/25) ), <m> CoCm—jol1l=x)27" [T (1—z,)~ "2
j=1 J iel

To obtain the desired expression for the coefficient, we introduce the
exponential generating function

t m
Clu,v)= 3y 3 Cme )
m=1 t=0
We then have
M(x/12, 1, 6z,/5) =~ (6/25) m! [v"™] C*(0, v)(1 —x)¥>—™ [T )2

iel

and from (36) that
M(x/12, 6y/5, 6z,/5) ~ %/%(6/25)171! [v™] C*0, v)
% (1 _x)3/2—m _ —3/2 ]_[ 1/2 (40)

iel
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Using the recursion stated in Lemma 10, we obtain
123 P(u)(C(u, v) —vB(u)) + C*(u, v) — C*0, v) =0.

We can use the “quadratic method” to solve for C?(0, v). Rewrite the above
equation as

125D(u)\? 125f 125D(u)\?
<C(u,v)+ ; >—— 5 2uv+C2(O,v)+< 3 > (41)

Let u = A(v) satisfy C(A(v), v) + 125D(A(v))/6 = 0. Then we obtain from (41)
that

125
9 2

125f +i 125D(1) 2_0
o2\ e -

Treating A as a parameter, we obtain from (37) and the above equations
that

El

o 0,0y (220

125 /8 25
V=g 5;”<1_ 12>’

125\%22 252
2 _ ~ 2 _
C(O,v)—<6> 3/ <1 9>.

Using Lagrange’s inversion formula, we obtain

["] CX(0, v) = [;m 1]<<125 2)'"(1_251/12)—
125 .
><< ; > 3(2/u725/n /3))
4 2m—4) S\ 1\"2
—3<m—z>!mz<s> <1o> - (42)

Substituting (42) into (40), we obtain

M(x/12, 6y/5, 62,/5)

1 5\"+!'(2m—4)! 2 Can "
<2 g) G o R

iel
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Applying Lemma 3, and using

Fim—3/2)=42-m 2=t 10

(m—2)!
we obtain
M —1 M,—1
Mn[krlnlims k;n,] = xnykl 1—[ Zi'ci"' l—[ Z;{r M(X, Y, ZI)
i=1 i=M,
1 r
=7k1n_7/212” TT ((10mk,) =" (5/6Y% m)™ (1 + O(1/k;)),
T j=1

for k;=0O(logn), 1<j<r, and n— oo. Now the lemma follows from
Lemma 1. |

6. PROOF OF THEOREM 3 AND COROLLARIES
The following lemma can be used for both families of maps.
Lemma 12. Suppose that X, .., X,,=X(n), .., X,(n) is a set of non-

negative integer variables on a probability space A,, n=1, 2, ..., and there is
a sequence of positive reals y(n) and constants 0 <o, ¢ <1 such that

(i) y(n) = 0 and n—y(n)— oo;

(1) for any fixed r and sequences k;(n) with |k;(n) —y(n)| = O(1), for
1 <i<r we have

.
E([Xkl(n)]ml [sz(n)]mz [Xk,(n)]m,) . n oK = rm)
j=1

(iil)  P(Xy() > 0) = O(*™ 7)) uniformly for all k(n)> y(n).

Then there exists a function w = w(n) — oo (sufficiently slowly as n — «0) so
that the following holds. For k=|y—w_, the total variation distance
between the distribution of ({i, (i i15 --), and that of (Zy, Zy 1+, ...) tends to
0, where the Z,=Z;,(n) are independent Poisson random variables with
EZ;=o/77",

Proof.  Condition (i) is included merely to ensure the X, ) are defined.
From (ii) and [4, p.23, Theorem 21] it follows that the X,
for |k;(n)—y(n)]=0(1) are asymptotically independent Poisson
random variables with expectations asymptotic to o™ ~7"_This in turn



MAXIMUM VERTEX DEGREE IN RANDOM PLANAR MAPS 229

implies that the same holds provided |k;(n)—y(n)|<w(n) for some
sufficiently slowly growing function w(n) — co. Since (iii) implies P(A;~, .,
{X;(n)=0})— 0, the lemma follows. (The total variation distance tends to
0 if max, {P(({x, Cis1s ) €EA)—P(Z4s Zi 1y, ) €A)} — 0; see Barbour

et al. [ 1] for much more on Poisson approximation.) ||

Theorem 3 follows from Lemmas 5, 9, 6, 11 and 12.
To obtain Corollary 1, note that with Z; as in Lemma 12 and k an
integer with |k —y(n)| bounded,

P</\ {Zj(n)=0}>~ ﬁ exp( —a/ 77"M) =exp( —aX ~""/(1 —a))
J j=k

>k

from which the corollary follows.

Corollary 2 is obtained similarly, noting that P(4,<y—w)— 0 from
Corollary 1, and so the probability there is a unique vertex with maximum
degree is asymptotic to

Y PUd,=kAl=1)~ Y P({max{i:Z,>0} =k} A {Z,=1})

kzy—w kzy—w

= OZO: a7 exp(—aX"7/(1 —a)).

k ©
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