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Abstract

We prove that the number of vertices of given degree in random planar maps satisfies
a central limit theorem with mean and variance that are asymptotically linear in the
number of edges. The proof relies on an analytic version of the quadratic method and
singularity analysis of multivariate generating functions.

1 Introduction

In this paper we study planar maps, which are connected planar graphs, possibly with loops
and multiple edges, together with an embedding in the plane. A map is rooted if a vertex v
and an edge e incident with v are distinguished, and are called the root-vertex and root-edge,
respectively. The face to the right of e is called the root-face and is usually taken as the outer
(or infinite) face. In this paper we only consider rooted maps.

The enumeration of rooted maps is a classical subject, initiated by Tutte in the 1960’s,
see [15]. In particular he computed the number M,, of rooted maps with n edges, proving the
formula

2(2n)!
(n +2)In!

Our main interest is the degree distribution of planar maps. Let d,, ; be the probability
that the root-vertex has degree k£ in a map with n edges. Then it is known that the limit
dy, = lim, . dy, j, exists. Actually, the values dj, are almost explicit. They are given by the
generating function

n

n =

k _ u\/g
kzzzdku V2 +u)(6—5u)d (1.1)

For more details see Liskovets [13].

The problem is slightly different when we look at the degree of of random wverter in a
random map (with n edges). Let py, j denote the probability that a randomly chosen vertex
in a random map with n edges has degree k. Then the limit p; = lim, .o p, i exists, too,
and we have

pr = Eay
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for a certain constant ;1 > 0. By integration it is possible to obtain an explicit (but involved)
representation of the generating function for the sequence py.
Note that p, (and consequently py) is closely related to the average behavior of the

numbers X,(Lk) of vertices of degree k in a random planar map with n edges. We have E X,(Lk) _
P, k1 and, thus, as n — oo
E X% ~ ppn.

2 Results
)

The main goal of this paper is to study the random variable X,(lk in more detail. In particular

we will prove a central limit theorem and tail estimates.

Theorem 2.1. Let k € N. The number X,Sk) of vertices of degree k in a random planar map
with n edges satisfies a central limit law, i.e.,

X —ExP)

— N(0,1),
(Var{X;"))1/2
where E[X,(Lk)] = pupn + O(1) and Var[X,(Lk)] = oin+ O(1), and py, 0 > 0 are computable
constants. Moreover, Xr(bk) has exponential tails, i.e., there is an €9 > 0 and a ¢ > 0 such
that for any 0 < e < g

Pr || X% — ExX®)]| > eIE[X,(f)]] < e~etonn,

Since the dual of a planar map is again a planar map and the degree of a vertex corresponds
to the valency of a face in the dual the same result holds for the number of faces of given
valency. Actually our combinatorial approach will make use of this correspondence.

Tail estimates for Xr(bk) have been also obtained by Gao and Wormald [11]. They are on the
one hand weaker but on the other hand uniform for k£ < clogn (for a proper constant ¢ > 0).
However, the central limit theorem was unknown.

Nevertheless, there are several classes of planar maps and graphs, where a central limit
theorem holds. For example, Gao and Wormald [12] showed such a result for certain classes of
triangulations. Moreover, for labelled outerplanar graphs and labelled series-parallel graphs
this was shown by Drmota, Gimenéz and Noy [6]. This result was extended to so-called
subcritical graph classes by Drmota, Fusy, Kang, Kraus and Rue [5], even in the unlabelled
case.

For random planar graphs the current picture is unfortunately incomplete. It was shown
by Drmota, Gimenez and Noy [7] and Panagiotou and Steger [14] that the limiting degree

distribution exists (and that there is at least a weak concentration result for Xr(bk) [14]) but —
at the moment — there is no central limit theorem although there is no doubt that a central
limit theorem should hold. Indeed, there is a strong relation between planar maps and planar
graphs. For example, by Whitney’s theorem 3-connected planar maps and 3-connected planar
graphs coincide. It is therefore very likely that several shape characteristics have (up to a
scaling constant) the same limiting behaviour. Hence our results supports the conjecture that
there is also a central limit theorem for planar graphs.



Plan of the paper The paper is structured as follows. In the next section we present
the basic equations that are satisfied by the ordinary generating function enumerating planar
maps, where also the number of faces of a certain valency. Then, in Section 4 we present the
quadratic method and an extension thereof, which is is necessary for our purposes. Finally,
in the main result (Theorem 2.1) is shown in Section 5.

3 Combinatorics

We use ordinary generating functions, where z marks edges and x non-root faces. The next
statement is classical in the area of map enumeration (and goes back to Tutte [15]). We
include a proof for completeness, as we shall use similar considerations in Lemma 3.2 to
determine a functional equation for the generating function that takes faces of degree k into
account, too. Note that it is sufficient to study the valency distribution of faces, it is the
same as the degree distribution.

Lemma 3.1. Let M(z,x,u) be the ordinary generating function enumerating general maps
with respect to edges and non-root faces, where additionally u marks the degree of the root
face. Then

M(z,z,u) =1+ 20> M (2, z,u)? + 1zmu

(M(z,2,1) — uM(z,z,u)).

Proof. We replicate the argument by Tutte [15], tailored to our specific purpose. A general
map belongs to precisely one of the following three categories. First, it contains no edge,
so that the corresponding generating function is the constant 1. Second, the root edge is
a bridge, i.e., if removed, the map falls apart in two general maps. Clearly, the generating
function enumerating such maps is given by zu?M (2, z, u)?.

All maps that belong to none of the two categories above are obtained by taking a map
and adding an edge that preserves its root node and “cuts across” the root face in some
unambiguous fashion, i.e., so that the construction can be reverted. This operation results
in 7 + 1 new distinct maps with root-face degrees in {1,...,r + 1}, and one edge and one
non-root face more than the map we started with; see Figure 1 for an illustration.

By putting everything together we infer that this construction translates the monomial
u” to -

zr(u+u? 4 +u) = %

Consequently, the maps in the last category are enumerated by #2(M (2, z,1) —uM (2, z,u)).

This completes the proof. O

In a second step we also take into account the number of (non-root) faces of valency k. A
similar, though not so explicit, result was shown by Bender and Canfield [1] and Bousquet-
Mélou and Jehanne [2].

Lemma 3.2. Let k > 2 be a fized integer and let M (z,xz,w,u) be the ordinary generating
function enumerating general maps with respect to edges and non-root faces, where additionally
u marks the degree of the root face and w the non-root faces of valency k. Then

M(z,z,w,u) =1+ 20’ M (z, z,w,u) + 1zmu (M(z,z,w,1) — uM(z,z,w,u)) (3.1)
—u
2
+ zx(w — DuF M (2, 2,w,1) — zz(w — 1)uF[g"] . G(q),
—4q



Figure 1: All maps that can be obtained by “cutting across” the root face of size five.

where G(q) is given by the quadratic equation

2
G(q) = 1+ 2¢*°G(q)? + zaM (2,2, w, 1) 1 z e leq_ qG(q). (3.2)

Proof. For the sake of brevity let us write M (u) for M(x, z,w,u) and My = My(z,z,w) for
the coefficient [u’]M (u). By using the same decomposition as in the proof of Lemma 3.1 we
get

Zxru

k—2
M(u) =1+ zu*M(u)® + (M(1) = uM (u)) + zz(w — 1)u* (M(l) - Mz) - (33)

=0

1—u

The difference to the proof of Lemma 3.1 is that «" is replaced now by

zzu(l —u™ )

— Dk
Ty + zz(w —1)u

zr(u+u? 4 -+ u )+ za(w — DUk =
if r >k —1 (and by zz(u+u?+--- +u" T if r <k —1).
What we show next is that My = My(z,z,w) can be computed easily for ¢/ < k — 2. Of
course we have My = 1 and by differentiating (3.3) with respect to u and by setting u = 0 we
get My = zaM(1). Furthermore, for 2 < ¢ < k — 2 we obtain the recurrence

-2 -2
My=2Y M;M_j+zaM(1) — zz Y M. (3.4)
=0 =0

Hence, we can compute M, recursively and observe also that M, can be written as a polyno-
mial in z, z, and M(1).

Actually we can be more precise. By extending (3.4) formally to all £ > 2 and by intro-
ducing (formally) the generating function G(g) = >_,~, Msq" we obtain (3.2). O

4 Analytic Quadratic Method

We first recall the principle of the quadradic method (that is due to Brown [3]). Suppose that
we fix . = 29 = 1 and w = wy = 1 in the equation (3.1). Furthermore we use the abbreviations



M(z,u) = M(z,x0,wp,u) and y(z) = M(z,z9,wo, 1). By completing the square the equation
(3.1) can be rewritten as

[G1(z,u)M (z,u) + Ga(z,u)]? = H(z,y(2),u) (4.1)

where the G; and H are polynomials (more generally it is sufficient to assume that G; and H
are analytic function and it is also possible to assume that the G; depend on y(z), too). For
example, if x = 29 =1 and w = wg = 1 then

H = 4(u — D)2y + u2? — dutz + 602 — 2u%2 +u? — 2u + 1. (4.2)

The quadratic method consists on binding variables z and wu, assuming that there exists a
function wu(z) such that H(z,y(z),u(z)) = 0 identically. Because of the square in the left-hand
side of (4.1), the derivative H,(z,y(2),u(z)) with respect to u also vanishes. From the system
of equations

H(z,y(2),u(z)) =0, Hu(zy(2), u(z)) = 0. (4.3)
one eliminates y(z) to find u(z), and then find y(z) from H(z,y(z),u(z)) = 0. Once we know
y(z) = M(z,1), from equation (3.1) we obtain M (z,u).

If we carry out this program in this particular case of maps (recall that we set x = xg = 1
and w = wo = 1), we find that u(z) = (5 — /1 —12z)/(2(z + 2)) and

182 — 14 (1 —122)%/2
y(=) = 5422

from which we can deduce the explicit form for the numbers M,. An explicit expression
is obtained also for M (z,u), which encodes completely the distribution of the degree of the
root-face. Since planar maps are closed under duality, this is the same distribution as the
degree of the root-vertex. It is an easy exercise to derive the limiting distribution encoded in
the generating function (1.1).

The system (4.3) can be also used to detect the singularity zgp = 1/12 of y(z). We have
to look at critical points (2o, yo,uo) of the system (4.3). Its Jacobian

= 14224922 +5423 -+,

0

H, H, | | Hy
Huy Hyy

Huy Hyy

= HyHy,

must vanish, that is, HyH,, = 0 at (20, yo,uo). It turns out that H,, = 0 and H, # 0 is the
correct choice for map counting problems. The critical condition is then

H.u(20, Y0, u0) = 0.

This condition is easy to check, since we always work in the realm of algebraic functions and
algebraic numbers. Actually the system H = H,, = H,,, = 0 has (usually) only finitely many
solutions. For the running example we are using, we have (z,yo,u0) = (1/12,6/5,4/3) and
A simple check gives H,,(1/12,6/5,4/3) = 0.

The most interesting observation in this context is that y(z) has a singularity of the kind
(1 -2/ z0)3/ 2. This behavior is typical in the context of planar map enumeration, and it
turns out that it there is also a universal analytic reason for this behavior. Recently this
was observed by Drmota and Noy [8]. They proved the following lemma. For the reader’s
convenience we include a proof, since we have to generalize it.!

'The proof is not included in the final version of the proceedings paper [8].



Lemma 4.1. Suppose that yg, zo, ug are complex numbers and that H(z,y,u) is a function
that is analytic at (2o, Yo, uo) and satisfies the properties

H(yOa ZOaUO) = 0) Hu(y07 ZO?”O) = 0) Huu(y(]) ZO)UO) =0

and

Hy 7é 07 Huy 7é 07 Huuu 7& 07 HZHuy 7é HyHuz
for (y, z,u) = (Yo, 20, up). Then the system of functional equations
H(y(2),z,u(2)) =0,  Hy(y(z),2,u(z)) =0 (4.4)

has precisely two (local) solutions u(z) and y(z) with u(zg) = wy and y(zo) = yo which are

given by
> 5 3/2
WD) =0 £l [1- 2 o) =t nate) (1- 2) (45)

in a neighbourhood of zy (except in the part, where 1 —z/zy € R~ ), where g1(z), g2(2), h1(z),
and ho(z) are analytic functions at zy and satisfy

91(20) = Uo,
2z0(HyHuz — HZHuy)
g2(20) = 0,
() \/ HyHuu .
h1(z0) = yo,

2ZO(I—IyI{uz - HzHuy)(Huuquy - HyHuyHuuuu + 3HyHuuyHuuu)

3H o H2, H2

ha(20) = g2(20)

(and all derivatives of H have to be evaluated at (y,z,u) = (Yo, 20, uo), respectively).

Proof. We solve the system (4.4) by first considering the equation H,(y,z,u) = 0, where z
and u are considered as independent variables and y = Y (z,u) is the unknown function. In a
second step we solve the equation H (Y (z,u), z,u) = 0, where z is the independent variable.
Then the solution u = u(z) is the function that we are looking for and y(z) = Y (z,u(2)).

Since we assume that Hy,y(yo, 20, uo) # 0 it follows from the implicit function theorem
that there exists an function Y (z,u) with Y (2o, ug) = yo that is analytic at (yo, uo) and solves
(locally) the equation H, (Y (z,u),z,u) = 0. Observe that

i H 3H o Hypy — Hoy H.
Yu(20,u0) = _Huu =0, Yuu(z0,u0) = — I;uu #0, Yuul(z0,u9) = — “WHQ uy Huwuu
uy wy 2,
H HyuyHys — Hyus H.
Y;(ZO,UO) = _Huza YUZ(ZO)U/O) = uuwy uz}[Q vuz-"uy
uy iy

evaluated at (y,z,u) = (yo,20,u0). Next we set F(z,u) = H(Y(z,u),z,u) and solve the
equation F'(z,u) = 0 for v = u(z). By assumption we have

= Hy(yo, 20, u0)Yu(20, uo) + Hu(yo, 20, u0) = 0,

(Yo, 20, u0) Yuu (20, u0) # 0,

(H.Hyy — HyH,.)(yo, 20, uo)
Huy(y07207u0)

£0.

)



Hence the equation F'(z,u) = 0 satisfies the assumptions of a classical lemma on the singular
structure of the solution of a single equation (for example, it can be found in [4]). Thus, the
only two solutions u(z) have local expansions of the form

u(z) = g1(2) £ ga(2) /1~ —0

where ¢1(z) and go(2) are analytic and satisfy g1 (29) = ug and

_ 2ZQFZ(U(), Zo) o 2ZQ(HyHuz — HzHuy)
92(20) = =

Fuu(UO, ZO) HyHuuu
A simple calculation (by using Taylor’s theorem and by comparing coefficients) we also obtain
an expression for

3,

g1 (20) =
o
3H2H?

uuu

(=3H; HyuwuHuuz + 2H g Huy HyHy o — 2H yu H  H
+ 3HyHuyuyHuuu H + Hy Huywuu Huz — HyHyyHyun H:).
Finally we use the expansion of u(z) to derive the local behaviour of
y(z) = Y(z,u(2))

=yo + Y. (20,u0)(z — 20) + %Yuu(zo, uo) (u(z) — ug)?

1
+ Y2 (20, u0) (2 — 20)(u(z) — up) + EYuuu(zo,uo)(u(z) —up)® +0((z — 20)?).
Note that the property Y (20, u9) = 0 implies that y(z) has no \/1 — z/zp term in its expan-
sion. Precise expressions for the coefficients (like ha(zp)) can be determined easily. O

For completeness, we check all the condition in the statement for H(z,y,u) as in (4.2),
evaluated at the critical point (zo,y0,u0) = (1/12,4/3,6/5). In addition to H, we need
G1 = 2(1 — u)u?z. Then

6 6 9 50 288
G =-—, Hy=—, Hy=—, Hypu=——, H.Hy, —HyH.,=——-
YT 15T W T 257 W T 1257w T g TRt e T rpeos
43
HuuuHZy - HyHuyHuuuu + 3HyHuuyHuuu = @

Hence we can apply Lemma 4.1 to obtain the singular behaviour of y(z) = M(z, 1) which is
of the form (1 — z/zy)3/2.

In general it is not immmediately clear which critical point (z,yo,ug) is responsible for
the dominating singularity on the radius of convergence of y(z) = M(z,1) (when there are
several ones). Nevertheless in the case of planar maps there is no doubt that we have chosen
the correct critical point. Moreover, we can vary the variables z and w (at least) in a (small)
neighbourhood of zg = 1 and wy = 1 without changing the kind of the dominating singularity.
For this purpose we rewrite (3.1) in the form

(Gr(z,u)M (2,2, w,u) + Ga(z, 1) = H(z,z,w,§(z,z,w), u),



where y(z, x,w) abbreviates M (z,z,w,1). As above we will consider the system of equations
H=H,=Hy, =0, (4.6)
and consider (if possible the solutions) yo(z,w), zo(x,w), ug(x,w).

Lemma 4.2. There exist complex neighbourhoods X and W of g = 1 and wy = 1 such
that the system of equations (4.6) has a unique solution yo(z,w), zo(x,w), up(z,w) with
yo(xo, wo) = Yo, z0(xo,wo) = 20, uo(xo,wy) = ug. Furthermore, the function y(z,z,w) =
M(z,z,w,1) has a local representation of the form

B B ; 3/2
Y(z,z,w) = hy(z,z,w) + ha(z, z,w) <1 — 7)> , (4.7)

zo(x,w

where hy(z,z,w) and ha(z,z,w) are non-zero analytic functions, and there exists an analytic
continuation to

A ={z:|z| <|zo(z,w)| + n, |arg(z/z0(x,w) — 1)| > d},
for some real numbers n >0 and 0 < § < 7/2.

Proof. The first step is to show that the system of equation (4.6) has a proper solution in a
neighbourhood of g = 1 and wg = 1. Actually we know that it has a solution for z = 1 and
w = 1. Furthermore the Jacobian

H, H. H, H, H. 0 o
iluy i-[uz iluu = i-[uy iluz _0 = Hyuu (HyHuz_HzHuy)?éO
Huuy Huyw Huyuu Huuy Huyw: Huyuu

for x = g = 1 and w = wy = 1. Hence, by the implicit function theorem there exists a
neighbourhood X of zyp = 1 and neighbourhood W of wy = 1 such that the system (4.6)
has an analytic solution yo(z,w), zo(z,w), ug(x,w) with yo(zo,wo) = o, 20(zo,wo) = 20,
uo(xo,wp) = ug. By continuity we can choose X and W also in a way that the non-zero
conditions (H, # 0 etc.) of Lemma 4.1 are satisfied in X and W.

By checking the proof of Lemma 4.1 it follows that it generalizes to z € X and w € W
so that all appearing functions are analytic in = and w. In particular we use that fact that
this is true for equations of the form F(z,z,w,u) = 0, where we observe that the solution
u = u(z,x,w) can be locally represented as

= - 1 o
u(Z,CU,w) gl(Z,CC,’U)) 92(2,x,w) Z(CE,’U))

with analytic functions g1 (z, z,w) and g2(z,z,w) (for details see [4]). This leads to (4.7).

Finally we have to check that 7(z,z,w) has a proper analytic continatation to the region
A. For this purpose we have to study y(z) not only around z = zy. Since we know y(z) and
u(z) explicitly it is easy to check that Hy,(2,y(2),u(2)) # 0if z # 29 and Hy(z,y(2),u(z)) # 0
if z # 2zp. Hence the Jacobian

H, H,
Huy Huu




is non-zero for |z| = zg but z # 2.

Now suppose that x and w vary in properly chosen neighbourhoods of g = 1 and wy = 1.
If |z — zp(z,w)| < e we use the local representation (4.7) and obtain an analytic continuation.
If |z] is close to |zo(x,w)| but |z — zo(z,w)| > € we obtain by continuity that the Jacobian
Fuuﬁy stays non-zero (if x and w are sufficiently close to zyp = 1 and wg = 1). Hence,
by the implicit function theorem y(z,z,w) and wu(z,z,w) can be analytically continued. By
compactness it is sufficient to continue y(z,z,w) (and u(z,z,w) only at finitely many points.
Hence, there exist 6 > 0 and 1 > 0 such that y(z,z,w) continues analytically to A. O

5 The Central Limit Theorem

It is now easy to complete the proof of Theorem 2.1. For this purpose we use the following
transfer principle by Flajolet and Odlyzko [9] (see also the book of Flajolet and Sedgewick [10]
and many references therein).

Lemma 5.1. Let W be a compact set and assume that there exist functions C(w), zo(w),
a(w), B(w) such that B(w) > R(a(w)), a(w) € C\ Ny and zo(w) > 0 for all w € W with the
following property. Suppose that f(z;w) is a power series in z and a parameter w € W such
that there is an expansion of the form

fzw) = C(w) <1 - ZO(Zw)Y(W) +0 <<1 - ZOfw)>B(W)>

that is uniform for w € W and z € A, where

A ={z: 2] <|zo(w)| + n, larg(z/20(w) — 1) > 6},
for some real numbers n >0 and 0 < § < /2. Then, uniformly for w € W
—a(w)—1

F(afw) ™)

—n

[2"]f(z5w) = (1 4+ 0(1)) - C(w)

With the help of this lemma we can prove the following property.

Lemma 5.2. Let k£ > 2 and Xy(Lk) as in Theorem 2.1. Then there exists a neighbourhood W
of wg =1 such that
(k) 20 "
E(wX">:1+01 Cw<7>
1+ o(V)C(w) ( 22

uniformly for w € W, where C(w) is a non-zero analytic function.

Proof. We apply this Lemma 5.1 for f(z;w) = %(z, 2o, w)—h1(z, rg, w), which can be rewritten

. ) = TG, )., ) (1~ m)w e ((1 - m)f’ﬂ) |

The additive term hy(z, 2o, w) is analytic in a larger region and, thus, provides a negligible
contribution. Consequently we obtain

n—5/2 B

[2"y(z, w0, w) = (1 + 0(1))52(20(330,w),ﬂfoaw)m%(ﬂ?o,w) "



and also

x®\ [2"y(z, 00, w) ) ha(z0(z0, w), g, w) 20 "
E<w )_ [2"]9 (20, 20, wo) = (1+o(1)) ha (20, 0, wo) <Zo($o,w)> '

O

By Hwang’s Quasi-Power-Theorem (see [10] or [4]) the central limit theorem (and also the
exponential tail estimates) follow immediately.

References

[1] E. A. Bender and E. R. Canfield, The Number of Degree-Restricted Rooted Maps on the Sphere,
SIAM J. Discrete Math. 7 (1) (1994) 9-15.

[2] M. Bousquet-Mélou and A. Jehanne, Polynomial equations with one catalytic variable, algebraic
series and map enumeration, J. Comb. Theory, Ser. B 96 (5) (2006) 623—672.

[3] W.G. Brown, On the existence of square roots in certain rings of power series, Math. Annalen 158
(1965) 82-89.

[4] M. Drmota. Random Trees: an Interplay between Combinatorics and Probability, Springer, 2009.

[5] M. Drmota, E. Fusy, M. Kang, V. Kraus, and J. Rue, Asymptotic study of subcritical graph
classes, SIAM J. Dicrete Math., to appear.

[6] M. Drmota, O. Gimenez and M. Noy, Vertices of given degree in series-paralles graphs, Random
Structures Algorithms., 36 (2010), 273-314.

[7] M. Drmota, O. Gimenez and M. Noy, Degree distribution in random planar graphs, J. Combina-
torial Theory A, 118 (2011), 2102-2130.

[8] M. Drmota and M. Noy, Universal exponents and tail estimates in the enumeration of planar maps,
Proceedings of Eurocomb 2011, to appear.

[9] P. Flajolet and A. Odlyzko, Singularity analysis of generating functions, SIAM J. Discrete Math.
3 (1990), 216-240.

[10] F. Flajolet and R. Sedgewick, Analytic Combinatorics, Cambridge University Press, 2009.

[11] Z. Gao and N. Wormald Sharp concentration of the number of submaps in random planar trian-
gulations, Combinatorica, 23 (3) (2003), 467-486.

[12] Z. Gao and N. Wormald Asymptotic normality determined by high moments, and submap counts
of random maps, Probab. Theory Related Fields, 130 (3) (2004), 368-376.

[13] V. A. Liskovets, A pattern of asymptotic vertex valency distributions in planar maps, J. Combin.
Theory Ser. B 75 (1999), 116-133.

[14] K. Panagiotou and A. Steger On the Degree Distribution of Random Planar Graphs, Proceedings
of the 22nd Annual ACM-SIAM Symposium on Discrete Algorithms (SODA ’11), (2011), 1198—
1210.

[15] W. T. Tutte, A census of planar maps, Canad. J. Math. 15 (1963), 249-271.

10



