THE WIDTH OF GALTON-WATSON TREES CONDITIONED BY
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ABSTRACT. It is proved that the moments of the width of Galton-Watson trees
of size n and with offspring variance o2 are asymptotically given by (o+/n)Pmp
where m, are the moments of the maximum of the local time of a standard
scaled Brownian excursion. This is done by combining a weak limit theorem
and a tightness estimate. The method is quite general and we state some
further applications.

1. INTRODUCTION

In this paper we are considering rooted trees which are family trees of a Galton-
Watson branching process conditioned to have total progeny n. These tree are also
called simply generated trees (see [35]). Without loss of generality we may assume
that the offspring distribution £ is given by

™o,

Ple=k) =2 (1)
where (¢r;k > 0) is a sequence of non-negative numbers such that ¢(t) =
Y k>0 orth has a positive or infinite radius of convergence R and 7 is an arbi-
trary positive number within the circle of convergence of ©(t). These conditions in
particular imply that all moments of £ exist and that 7 < R. Due to conditioning
on the total progeny and finiteness of moments it is no restriction if we confine our-
selves to studying only the critical case, that is, E£ = 1 which equivalently means
that 7 satisfies 7¢'(7) = (7). The variance of £ can also be expressed in terms of
©(t) and is given by

2 — 7—2()0/,(7—) . (2)
o(7)
Note that the offspring distribution (1) can be interpreted as assigning weights
to all trees defined by
w(T) = [T o™

k>0

g

for a tree T' having n nodes, nj of which have out-degree k, k > 0. Denote by |T|
the number of nodes of such a tree and let a,, be the (weighted) number of all trees

with n nodes, i.e.
an = Y w(T).
T:|T|=n
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n

Then the corresponding generating function a(z) = 3, <, an2™ satisfies the func-

tional equation

a(z) = zp(a(2))- 3)

Denote by (L, (t),t > 0) the sequence of the generation sizes of a Galton-Watson

tree the total progeny of which is n. For non-integer ¢ we define L, (t) by linear
interpolation:

Ln(t) = ([t] + 1 =) Ln([t]) + (¢ = [t]) La([t] +1), £=0.
We are interested in the width of such a tree which is defined by

W = max L,(t).

This quantity attracted the interest of many authors. First, Odlyzko and Wilf
[37] became interested in this tree parameter when studying the bandwidth

() =mjn (| max | 170) - 7o)

o \(u,v)€E(T)

of a tree T', where f is an assignment of distinct integers to the vertices of the tree.
They showed for a tree with n vertices and height h(T') and width w(T") that

n—1

—— < B(T) <2w(T) -1

i < () < 20(1)
and furthermore they showed that there exist positive constants ¢; and ¢ such that
the estimate

c1vn < Ew, < cyy/nlogn (4)

holds. The exact order of magnitude was left as an open problem. Aldous conjec-
tured [1, Conj. 4] that L, (suitably normalized) converges to Brownian excursion
local time. This was first proved in [15], later by different methods by Kersting [29]
and Pitman [38]. More precisely, set

and
1

1
I(t) = gl_l’% . It 445 (W(s)) ds,
0

where (W(s),0 < s < 1) is the standard scaled Brownian excursion, then the above
described limit theorem reads as follows:

Theorem 1 ([15]). Let ¢(t) be the GF of a family of random trees. Assume that
©(t) has a positive or infinite radius of convergence R. Furthermore suppose that
the equation ty'(t) = p(t) has a minimal positive solution T < R. Then we have

(Ia(t),t 2 0) = (I(t),t 2 0)
in C[0,00), as n — oo.
Partial results go back to [9, 22, 27, 34, 41]. A density representation was com-
puted in [25].
This result implies that w,, /o+v/n weakly converges to the maximum of Brownian
excursion local time, which was proved directly by Takdcs [40].
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Theorem 2 ([15]). Under the assumptions of Theorem 1 we have

sup l,, (t) — supl(t).
>0 >0

Thus this suggests (but does not imply) /n as correct order of magnitude in (4).
Note that the maximum of local time is well studied (cf. [28, 8, 18, 3, 34]). We

have sup, (%) 4 2supg<;<1 W (t), moreover it is theta-distributed, i.e.,

P{ sup () < x} =1 22(x2k2 _ 1)6_’”2k2/2,

0<t<1 =1

and

E [(Supl(t)y} = 2"/2p(p— 1T (g) ((p)-

t>0

The purpose of this paper is to show that we have convergence of moments for
Sup;>q In(t), too. We formulate it in terms of the width w, = max;>o L,(t) =

(0/2)v/n SuP¢>o In(t).

Theorem 3. Suppose that there exists a minimal positive solution 7 < R of
to'(t) = @(t). Then the width w, satisfies

E (w}) = 0”27/ p(p— T () ¢(p) - w72 - (1 + 0(1))

It should be further mentioned that Chassaing and Marckert [6] used the relation
of parking functions and rooted trees as well as the strong convergence theorem of
Komlos, Major and Tusnady [33] to derive tight bounds for the moments of the
width for Cayley trees. They showed (here and throughout the whole paper, a < b
denotes a < C'b for some positive constant C')

Theorem 4 ([6]). If p(t) = €' and p > 1, then
P
= ’E ( Wn > — E (sup W(t))?| < n~P*logn.

wy \? 1 P
E(—=) —E (| zsupl(t —
’ (U\/ﬁ> (2 tzg ( )) o\vn >0
Remark. In fact, Chassaing and Marckert [6] showed an even stronger result: In

some probability space there exist a sequence of copies of w, and a sequence of
theta-distributed random variables D,, such that for any p > 1

= 0 (4 fogn)

P

2w,

ovn

where the O-constant depends on p.

Dy,

Recently, Chassaing, Marckert, and Yor [7] have used Theorems 1 and 4 in con-
junction with results of Aldous [1] to obtain a weak limit theorem (without mo-
ments) for the joint law of height and width of simply generated trees. (For binary
trees they present an elementary proof, too.)
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2. PLAN OF THE PROOF OF THEOREM 3

In view of Theorem 2 the result of Theorem 3 is not unexpected. Nevertheless,
it does not follow directly from Theorem 2 since convergence of moments is not
automatically transfered via weak convergence (from Theorem 1).

In order to prove Theorem 3 we actually use the result of Theorem 1, that is,
the normalized profile of Galton-Watson trees converges weakly to Brownian ex-
cursion local time: (I,,(t),t > 0) — (I(t),t > 0). However, we need some additional
considerations: In [17] (see also [14]) Drmota and Marckert introduced the notion
of so-called polynomial convergence (that is inspired by the notion of uniform in-
tegrability). The key property for our purposes is the following one. It generalizes
the results of [17] (see also [14, Theorem 3.7]) that only apply for processes with
compact support.

Theorem 5. Let x,(t) be a sequence of stochastic processes in C[0,00) which con-
verges weakly to x(t). Assume that for any choice of fixed positive integers p and d
there exist positive constants co, c1,ca,c3 such that

sup E |z, (8)|P < coe™ " for all t >0, (5)
n>0
and
sup E |z, (t + 5) — 2, (1)|*? < coe™ts? for all 5, > 0. (6)

n>0
Then x,(t) is polynomially convergent to x(t), that is, for every continuous func-
tional F : C[0,00) — R of polynomial growth (i.e. |F(y)| < (1+ ||y]leo)” for some
r > 0) we have
lim E F(z,) = EF(x).

n—oo

We will show that [,,(t) satisfies the assumptions (5) and (6) of Theorem 5 and
thus taking F(z) = sup;~ z(t)" yields immediately Theorem 3.

The next section is devoted to the proof of Theorem 5. In sections 4 and 5
we prove (5) and (6). Finally in section 6 we provide some further applications of
Theorem 5.

3. PROOF OF THEOREM 5
Let us start with the following two observations.

Lemma 1. Suppose that x,(t) satisfies (5). Then for every p > 0 we have

E sup |z, (j)]" < 1
jEN

uniformly for all n.

Proof. Since E |z,,(t)[PT! < e=*, uniformly in n, we have

P{sup|xn >A} > P {jza(h)| = A}

JEN ]>0

—APH Z E |z, (j)P"* by Markov’s inequality
3>0

1

1 —c1j
< g1 ;) € < i
12
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Thus it follows that

° 1
-\ |P p—1
E (Js;lpxn(]ﬂ ) < 1—|—p/1 A pEe| dA < 1.

Lemma 2. Suppose that x,,(t) satisfies (6). Then, for fized p we have

|s—t|<6

E ( sup |z, (s) —xn(t)|p> < 672,

uniformly for 6 with 0 < § < 1 and for all n.

Proof. First we prove that for every integer d > 1 there exists a constant K > 0
such that fore >0and 0 < § < 1

5d71
P{ sup |z (s) — zn(t)] 25} <K T (7)

|s—t/<8

Arguing as in [5, pp. 95] guarantees that there exists a constant K7 > 0 such that
for all m >0

5d—1
P sup [T (s) —xn(t)| > ey < Kje™®™ R
|s—t|<d,m<s,t<m+2 IS
Thus
e 5d71 sa—1
P n —xp(t)] > < Kieo"m—— < K——+
S fra(s) —ea(t)] 2 ¢ _; e < K
for some constant K > 0.
Set
Z = sup |vnu(s)—zn(t)l.
ls—t]<é
Then by applying (7) it follows that (if 2d > p+ 1)
E 7P :p/ PTIP(Z > 2] dz
0
(Ko)ld=n/d oo
:p/ P7IP[Z > 2] dz +p/ PTIP[Z > 2] dz
0 (K&)(d=1)/d
§(K§)p(d71)/d+pK5d71 /00 1724 gy
(K§)(d—1)/d
< gpld=1)/d < 51}/27
which proves the Lemma. O

The proof of Theorem 5 is now an easy task. Note that the results of Lemma 1
and 2 in conjunction with the triangular inequality imply

supE (sup |$n(t)|r) < oo for all r > 0.
n>0 t>0

Thus, if F' is a continous functional of polynomial growth we have for any € > 0
we have

sup E |F(z,)|'" < oc.
n>0
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By continuity of F we also obtain F(z,) —— F(z) and finally, by Billingsley [4, p.
338] it directly follows that

lim E F(z,) = E F(x)

as desired. O

4. MOMENTS FOR THE PROFILE OF GALTON-WATSON TREES

We start with a lemma on the growth of coefficients of powers of certain gener-
ating functions.

Lemma 3. Let zg # 0 and A = {z: |2| < z0 + 7, |arg(z — 20)| > 9}, where n >0
and 0 < ¥ < w/2. Suppose that f(z) and g(z) are analytic functions in A which

satisfy
> , ZEA,

g(z)zl—D,/l—i—&-O(l—i), z € A,
20 20

for some positive constants C, D. Then for any fized £ there exists a constant C' > 0
such that

20

|f(2)] <exp <C’ ’1 _*

n ST —C'r)m, (—2))2
gy~ O ()

uniformly for all r,n > 0 (where [2"]|F(z) denotes the coefficient of z™ of the func-
tion F(z)).

Proof. The only difference to [23, Lemma 3.5] is the factor 1/(1 — g(z))¥, but since
its behavior in A is known and [21, Theorem 3] is applicable, the proof is analogous
to that of [23, Lemma 3.5]. O

By means of this lemma we can show

Lemma 4. For every fized integer p > 0 there exist positive constants ¢y and ¢y
such that

supE L, (t)? < cpe” ! (8)
n>0

for allt > 0.

Proof. For technical simplicity we assume that g = ged{t > 1 : ¢; > 0} = 1.
This assumption ensures that the tree function a(z) defined by (3) has only one
singularity zo = 1/¢’(7) on the circle of convergence. If g = ged{i > 0: ¢; >0} > 1
then we can use the substitution = 2'/9 to get a(z) = xb(z) where b(x) is analytic
with only one singularity on the circle of convergence. Thus this case reduces to
the case ¢ = 1. The other possibility is to deal with the g singularities zye?™*/9,
7=0,1,...,9 — 1, on the circle of convergence and add all contributions.
In particular, it is also well known that (if ¢ = 1) a(z) admits a representation
of the following kind
a(z) =7 — V2 1—i+o<’1—i), 9)

g 20 20
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that is valid for |z| < z9 + 7 and arg(z — z9) # 0, where n > 0 is suitably small,
compare with [35] and [13].
In what follows we will need the local expansion of a(z) = z¢'(a(z)). From (9)

we immediately get
) (10)
for |z| < z0 + n and arg(z — zp) # 0.
Due to (10) there exists a constant C > 0 such that |a(z)] <

exp (—C\/|1 — z/z0|> for z € A (with A from Lemma 3). Furthermore, it follows
that

a(z) =1—-0av2 1—i+o(‘1_i

20 20

sup |a(z)| =1, (11)

zZEA
where we have to choose 7 > 0 and 0 < ¥ < 7/2 in a proper way. First, since the
power series of a(z) has only positive coefficients, we have max|; <., |a(z)| = 1. If
we assume that d = ged{i > 1: ¢; > 0} =1 it also follows that

max la(z)] < 1

|z|<z0,|z—20|>¢€

for every £ > 0. Now, in the vicinity of the singularity zg, that is, for |z — zo| < &
we can again use (10) and get for z = z(1 + te??)

’a (1 + tei9)| = ‘1 — oV 2teF(T=0/2 L )], (12)

where 6 > /2. Hence we have |a(z)| < 1 for |z — z9] < e and |arg(z — z0)| > 0.

Finally, for |z| < zp 4+ 1 and |z — 29| > € we obtain the same inequality from (12)

by a continuity argument (for some sufficiently small 7 > 0). This proves (11).
Now observe that by substituting r = [ty/n] (8) becomes

E L, (r)? < cope "/ VrpP/2, (13)

Furthermore note that it suffices to show (13) for the pth factorial moment instead
of the pth moment, which we can easily express in terms of the proper coefficient
of a generating function. Indeed we have

E [L,(r)], = —[2"] (%)pymw(z))

Qp

u=a(z)

where

yo(z,u) = u
yi+1(z7u) = Z@(yi(zvu))ﬂ i > 0. (14)

In order to evaluate this coefficient we use Lemma 3 which translates the local
behavior of the function near its singularity into an asymptotic estimate for the

coefficients.
By [24, p. 287, equ. (22)] we have
p—1
> (15)

(2) wr(euate Loolay

1—a(z)

-0 <a<z>p|a<z>r|

u=a(z)
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From (11) we get

max | L= 22)"
1—a(z)

<r. 1
zEA " ( 6)

Moreover a(z)P behaves like a constant near the singularity and «(z)” meets the
condition in Lemma 3. Hence the last factor in (15) is bounded by r?~! and hence
contributes a factor n(P~1/2 to the order of magnitude of E [L,(r)],. Applying

Lemma 3, which yields exp(—c17/+/n ), and normalizing by a,, ~ 7/02z8V2mn3 we
get the desired result. O

5. QUANTITATIVE TIGHTNESS ESTIMATES

With help of Lemma 3 we can prove the following quantitative tightness estimate.

Lemma 5. For every fixed positive integer d there exist constants c1,co such that
for every s,t >0

E|l,(t+s) — 1, (t)]* < cre” s, (17)

Proof(Sketch). Observe that (17) is equivalent to
E |Ly,(r) — Lo (r + h)[** < cre="/Vipdnd/? (18)

which is quite similar to [15, Theorem 6.1]. From [15] it follows that
2d 1,
E |L,(r) — Lp(r + )| = —[2"|Hw(2),

in which

Hy(2) = (“a%) e g 2,07 a(2)

u=1

and y(z,u) is given by (14).
Evaluation of this coefficient is again done by Lemma 3. By [15, Proposition 6.1]
it is easy to show that

d —a(z))’
Hy(2) = a(2)" S ijh(z)%, (19)
=0
where G; 1, (2) satisfy

e Gn(2)] = O (1).

Eventually, an application of (16), with h instead of r, and Lemma 3 to (19) yields
Rdp(d=3)/2 )

n
20

1) =0

and, thus, by a, ~ 7/02}v2mn3 the proof is complete. O
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6. EXTENSIONS

6.1. Nodes of given degree. In [12] the number of nodes with fixed degree d
in layers of random trees was investigated. In this case also limit theorems like
Theorems 1 and 2 hold. In fact, we have

Theorem 6. Let L%d)(k) denote the number of nodes with degree d in layer k in a
random tree of total progeny n. Furthermore, set

2 2t
@Dy 2 g@ (2
n () O'Cd\/ﬁ n O'\/E ;

where cqg = pq_1771 /(7). Then we have

1.
D (t) = U(t) and supliP(t) = sup (1)
t>0 t>0
2.
B ((u")") =B (supi)) (1400,
>0
where wi® = mMaxy>o lf(zd)(k)-
Proof(Sketch).

Part 1 was proved in [12]. The proof of part 2 runs similarly to the proof of
Theorem 3. The only crucial point is to get estimates as in Lemma 4 and Lemma 5,
namely

E LY (r)P < cre= e/ Vnpp/?
and

2d
E \Lg;ﬂ (1) — LO(r + h)| " < crecar/Vipdnd/2, (20)

Both inequalities can be proved in a similar manner, so let us look at the second
one (the first is the easier one). The results in [12] imply
2d 2
E | = o EH e (2)

L (r) — LD (r + h) o or/o,2h o

2d
Hﬁ;?(z) = (u%) Yr(z, 2(u — Dpa_1yn—1(z, 2(u™ = Dpg_1a(2) + a(2))

yn(z,2(u™ = Dpara(2)'™" +a(2)))

and since the right-hand side of this equation can be expressed in a form similar to
(19), we can easily prove (20). O

u=1

6.2. Strata of random mappings. A random mapping of size n is an element
of the set of all mappings of a set with n elements into itself equipped with the
uniform distribution. These mappings can be represented by functional digraphs
consisting of components which are cycles of trees. The set of points in distance r
from a cycle is called the rth stratum of a random mapping. This parameter was
previously studied in [2, 11, 16, 36, 39]. For general results on random mappings and
literature see [32, 20]. Let M, (r) denote the number of nodes in the rth stratum of
a random mapping of size n. Then in [16] we proved
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Theorem 7. Let B(t) denote reflecting Brownian bridge, i.e., a process on the
interval [0, 1] which is identical in law to |W(s) — sW(1)| (W(t) is the standard
Brownian motion), and I'B)(t) its local time, i.e.,

1
1
120 = limy © [ v (B5) ds
0

Then we have

mp(t) = %Mn (2tvn) 5 1P)(1)

in C[0,00), as n — co. Thus we also have

sup my, (t) — sup %) (t).
>0 >0

By means of this we can show

Theorem 8. We have
E ((Sup mn(t)>p) =E (supl(B)(t)>p (14 0(1)), (21)

t>0 t>0

Proof(Sketch). Again the crucial point is to get proper estimates. From [16] it is an
easy exercise to get

2n!
E | My (r) = My (r + h)[** = =" Hapon(2),

in which

9\ 2 )
Hrr = —
h(Z) <u8u> 1_yr(2auyh(2,u_1a(z)))
This function can be written in a form similar to (19) and thus we can easily prove
E [M,(r) — Myu(r + h)[** < cje2"/Vipdpd/2

and then (21). The corresponding bound for the moments, obtained in the same
way, carries out even easier. (I

u=1

6.3. Height of random trees. The same method can be used to re-derive the
analogue for the height h,, of simply generated trees (see Flajolet and Odlyzko [19]).

Theorem 9. Suppose that there exists a minimal positive solution 7 < R of
te'(t) = ¢(t). Then

E (1) = (@) 2= (2) €)1 +0(1)

as n — oQ.

hy is equal to the maximum of the traversal process T, (r), defined to be the
distance between the root and the rth node during preorder traversal of the tree.
Obviously, the same holds when we only traverse leaves (call the corresponding
process Ty, (r)). It is well known (see [1]) that

X, () = %Tn(zm) LN ZW(t)
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The height of leaves was investigated by several authors (see [30, 31, 26, 10, 23].
Here a similar limit theorem holds: With X, (¢) = T,,(tn)/+/n we have (see [23])

X, (%t) w, ;W(t).

In addition, in [23] the tightness estimate

1 p__°©
etls — ¢ Vs —t

for some positive constants C' and D was shown. This can be used to derive moment
estimates like in Lemma 5 and then one proceeds as in the previous section to re-
derive Flajolet and Odlyzko’s [19] result on the moments of the height.

Finally, we want to mention that it is also possible to obtain the moments of
the height of a random mapping (this was done by Flajolet and Odlyzko [20]) by
our method. One has to use the weak limit theorem by Aldous and Pitman [2] and
derive a tightness estimate in a similar fashion as has been done in [16].

P{|Xn(s) = Xp(t)| e} < C
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