STRATA OF RANDOM MAPPINGS - A COMBINATORIAL APPROACH

MICHAEL DRMOTA AND BERNHARD GITTENBERGER

ABSTRACT. Consider the functional graph of a random mapping from an n—element set into
itself. Then the number of nodes in the strata of this graph can be viewed as stochastic
process. Using a generating function approach it is shown that a suitable normalization of
this process converges weakly to local time of reflecting Brownian bridge.

1. INTRODUCTION

Let F,, denote the set of all mappings ¢ : {1,...,n} — {1,...,n} and assume that this
set is equipped with the uniform distribution. Then a mapping ¢ € F,, is usually called a
random mapping. For our investigations it is convenient to represent random mappings by its
functional graph G, i.e. the graph consisting of the nodes 1,2,...,n and of the edges (i, ¢(7)),
i=1,...,n. It is easy to see that each component of such a graph consists of exactly one cycle
of length > 1 each point of which is the root of a labeled tree. Thus for each point z € G, there
exists a unique path connecting = with the next cyclic point. The length of this path is called
the distance of x to the cycle. The set of all points at a fixed distance r from the cycle is often
called the r-th stratum of .

Let L,(r) denote the number of nodes in the r-th stratum of a random mapping ¢ € F,.
The behavior of this random variable for n — oo has attracted the interest of many authors.
Harris [14] showed that the number of cyclic points L, (0)/1/n weakly converges to a Rayleigh
distribution with mean value \/7n/2. Mutafchiev [18] proved that this result is still true for
r = o(y/n ). The corresponding local limit theorem is derived in [8]. In case of r ~ ¢y/n, ¢ > 0,
Mutafchiev’s result is no longer true. Representations for the moments and the density of the
limiting distribution for this case have been established by Proskurin [19]. Finally, it should
be mentioned that a survey of several related random mapping characteristics as well as the
relations to branching processes and random trees are contained in Kolchin’s book [17].

Aldous and Pitman [4] studied the contour of a random mapping, i.e. the polygonal function
obtained by traversing each tree of G, successively. They showed that the suitably rescaled
contour process weakly converges to reflecting Brownian bridge (rBB), i.e. the process identical
in law to (|[W(t)—tW (1)|,0 <t < 1) where W () is a one dimensional Brownian motion (BM) or
roughly speaking rBB is a BM of length 1 reflected at 0 and conditioned to have zeros at 0 and
1. In view of the results in [9, 11] this suggests that the process l,,(t) = n='/2L,, (t\/n), t > 0,
where

L,t)=([t] +1=t)L.([t]) + (t — [t])Ln(|t] + 1), for non-integral ¢t > 0,
converges weakly to the local time process for rBB. In fact, we will prove

Theorem 1.1. Let B(t) denote reflecting Brownian bridge and l(t) its local time, i.e.
1
1
1) =l 2 [ Tura(B(s) ds
0
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Then we have

in C[0,00), as n — 0.

What we have to do is to prove the weak convergence of the finite dimensional distributions
(fdd’s) and that the process is tight (see [6, Theorem 12.3] or [16, p. 63]). In order to do this
we will proceed as follows: First we will calculate the limiting distribution of the fdd’s of I,,(¢)
using a generating function approach which is explained in the next section. Then we proceed
with the computation of the fdd’s of rBB local time by methods of It6’s excursion theory (see
[15, 21]) and observe that those distributions coincide. We will also briefly indicate how the
generating function approach could be used to obtain the local time distributions. Finally, the
proof of tightness is presented.

Remark . Note that our method also allows us to reprove [4, Theorem 8] in a similar way as
it has been done the analogous problem for random trees (see e.g. [11] where a combinatorial
approach is used to extend a result of [13] and to reprove parts of the results of [1, 2, 3]).

2. PRELIMINARIES

Let bgmn denote the number of all functional graphs in F,, where L, (k) = m. As we are
considering the uniform probability model, we have

P{L,(k)=m|T € A, } = bt (2.1)

nn

Furthermore the bivariate GF of by, 1 is given by

2" 1
br(z,u) = bpmpu" — = ————
’ n,%:ZO nm n! 1 —ag(z,u)

with  ax(z,u) = yr(z, ua(z))
where
yo(z,u) = u
yi+1(Z,u) = Zeyi(27u)7 i>0,

and a(z) is the well-known tree function given by its functional equation a(z) = zexp(a(z)).
This follows immediately from the combinatorial setup (details see [9]). Hence the characteristic
function of n=/2L, (k) is

_ n! n it/\/n
Orn(t) = n_”[z ] (1 — Yk (z,e a(z)))
and that of (n=Y/2L,(k1),...,n" /2L, (ky)) is given by
¢k1~~~kpn(t1a s 7tp) =

n! - . -1
n—n[z”] [1 - Yk, (z,e”l/‘/ﬁykrkl (z, Yy —kp_s (z, e”')/\/ﬁa(z)> )} .

-1

(2.2)

Thus in order to prove Theorem 1.1 we have to show
Brer f20emip2(E1) 2, 1 )2) = Gy, (B Tp) (2.3)
where ¢, ... x,(t1,...,tp) is the characteristic function of the joint distribution of

(l(k1),- -+, U(kp)) and ¢y .k, (t1,-- . tp) = lim g . n(t1,. .., tp). For extracting the coeffi-

cient in (2.2) we will use Cauchy’s integral formula and singularity analysis in the sense of
Flajolet and Odlyzko [10]. Thus we need some information about the local behaviour of the
involved functions:
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Lemma 2.1. Let z = e ' (1+ £). Furthermore assume that [u — a(z)| = O (ﬁ) and £ — 0
in such a way that |arg(—z)| < 7 and

—x C
— — < J—
1 \/ n 1 \/ﬁ

are satisfied. Then yi(z,u) admits the local representation
2\/—x/n(u — a(z))a(z)*

V=a/n(1+a(2)") + 1\;;(1 —a(2)*) + O (Jzl/n)

)

ye(z,u) = a(z) +

uniformly for k = O (/n).
Proof. The proof is immediate by setting ¢(t) =e’, 0 =1 and 7 = 1 in [9, Lemma 2.1]. O
3. CONVERGENCE OF THE FINITE DIMENSIONAL DISTRIBUTIONS

In this section we will show the following two theorems:
Theorem 3.1. Let k; = k;\/n,i = 1,...,k where 0 < k1 < --- < kp. Then the charac-
teristic function ¢w,..x,(t1,...,tp) = lim ¢p ..k n(t1,...,tp) of the limiting distribution of
n—oo

(ﬁLn(lﬁ), cee ﬁLn(kp» satisfies

1
(bm...fep(tla-“vtp):mLfm,“.mp(xvtla--~7tp)\/_—x

where
ffil,...,np (iU ti,... 7tp)

Ztl ~ ’Ltg ~ it 1 it
e (b (o (5 (1 25)) )

with

V—ze " Va2 tsmh(m x/2>

Vo(z,t) =
V—ze"V /2 _ ¢ cosh (n a:/2>
and
~ ty/—ze RV /2
Uz, t) = (3.2)
V—xe"™V %2 _ tsinh (H —:c/2)
and v is the Hankel contour' ~, U~y U3 defined by
:{ |[s| =1 and Rs < 0},
={s | Ss=1and Rs >0}, (3.3)
73 = Va-

Remark . Note that by means of the generating function approach we get only a proof of this
theorem for integral k; and thus a limit theorem for the step function process L, (|t\/n])/+/n.
However, a direct application of the tightness inequality (Theorem 4.1) shows that the difference
L, ([ty/n])/v/n—1,(t) converges to zero in probability and thus the theorem is correct as stated.

IThe names ”Hankel contour”, ” Hankel integral”, etc. originate from Hankel’s representation of the Gamma
function,
1

5 (—=s) " “e ®ds =

1
o)
. @
and have become usual due to the quite frequent occurrence of integration contours similar to « in asymptotical
problems in combinatorics.
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Theorem 3.2. With the notation of the previous theorem the fdd’s of Brownian bridge local
time are given by

—T

1 e
2i\/7 V-
The density of rBB local time. As mentioned in the introduction Proskurin [19] calculated
the limiting distribution of the number of nodes in the r-th stratum for r/\/n — p > 0. His

result implies that the one-dimensional density f,(z) of the total local time at level p has a
representation of the form

Greroory b1y ) = /fg,ﬂw.’g,{p(x,Qtl, oy 2tp) dz. (3.4)
Y

2 s 1 J o7 N1 9,22
- Z {auﬂ (u— ) ~te?r . (3.5)
p 3:1 u=j+z/2p

Using a random walk approximation Takéacs [22] obtained a different representation, namely

l+]$J 2
-23Y () e e e+ (36)

=1 j=1
where H;(x) are the Hermite polynomials defined by
Ln/QJ 1 [ ] 21

z) =t Z 2%']—22

Using our approach the density can be determmed by the appropriate coefficient in the
generating function (cf. (2.1)) and this yields a third representation given by

e—PV—2u—u T \/_ep\/_
z\ﬁ / cosh2 p\/——Qu) < V/2 cosh (p\/—2u)>

This one is the analogous form of Cohen and Hooghiemstra’s [7] represention for the Brow-
nian excursion local time density (for a list of further representations, among them the analoga
of (3.6), see [9]) and could be generalized to multi-dimensional densities by evaluating the cor-
responding coefficients in the multivariate generating functions. In case of Brownian excursion
local time this has been done in [12]. However, it seems to be difficult to get multivariate ex-
tensions of (3.5) or (3.6) and the analogous problem for Brownian excursion is also unsolved
up to now.

—14o00-1

fo(x) =

Proof of Theorem 3.1. In order to prove this theorem we have to calculate the right-hand side
of (2.2). We will use Cauchy’s integral formula with the integration contour I' = T’y UT2 UT'3 UT'y
defined as follows:

1
Flz{z:g ‘?Rx<0and|x|—1}
1 2
I'y = z:— Sr=1and 0 < Rz <log"n
e
FgZFQ (37)
1 log® n + i log® 1 + i
F4:{z |z|=g‘1—&-0ng+Z and arg(l—!—OngH)SMrg(zﬂgﬂ}.

In order to see how the general scheme of the proof is running it suffices to consider the case
p = 2. Then the proof for p = 1 is merely an obvious simplification of the presented proof and
the remaining part is obtained by induction. Thus we have to calculate the integral

n! 1 1 dz

nn2mi ) 1= y(z, uyn(z,va(z))) 27+
I

(3.8)
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where u = ¢'¥/V7 v = /Y™ and k = ky/n, h = ny/n. Set Ry (z,u) = yx(2,u) — a(z). Using the
well-known expansion

a(z) =1—V2V/T —ez+ O (1 —ez), z—>1, z€A (3.9)

e

where
1
A:{z:|z|<g—i-777 arg(z—zo)>19},

n >0 and 0 < ¥ < 7/2 arbitrary but fixed, we get the following asymptotic expansions on

’)//:F1 UFQUF;_),I
a(z):1—\/§,/—f+0(|i>
n n

k
a(2)* = exp (—rvV—21) <1 +0 <M)>
n
Applying Lemma 2.1 and these formulae yields

1 _\/j\/—_acexp (/@'\/7/2) — (is/V2 + \/n/2Ry,) sinh (n\/T/Q)
22\ /“Fexp (/ﬂ/T/?) — (is/v2 + \/n/2Ry) cosh (H\/Tﬂ)

x (1+O (10\‘3;")) (3.10)

pe it exp (777 *3:/2)
n./=zexp (—n —x/2) - % sinh (-77 —$/2>

y (1+o (liﬁ”)) (3.11)

Now let us analyze the contribution of I'y. Observe that

1 — (2, uyn(z,va(z)))

where

9 R
[a—xzyh(zl’IZ)} s oaas) =a(z)".

Expanding the generating function in a Taylor series at (z1,22) = (2z,a(z)) gives
: = ! a(z)k uyp(z,va(z)) — a(z
T (@)~ 1—a(z) | (= a()E Wz velz) —alz)
+ O ((uyn(z,va(z)) — a(2))?)
_ afz)+! 2
=T ar) T Ay v e = Da(a)" + O ((v=1)%))
+0 ((u—1+u(—1a(2)" + 0 ((v-1)%)))

a(z) and 1/(1 — a(z)) have only positive coefficients and hence these functions attain their
maximum on Ty if and only if 2 € Ty N/, i.e. 2 = e (1 + (log* n + i)/n). Thus we obtain

Lo |1y
1—a(z) V2 logn

k _ [ 102 i) —
gré%)j|a(z)| exp( KR/ —log“ n z) 0().

max
zely
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Furthermore we have u — 1 = O (1/y/n) and |2| 771 ~ e~ log” n_ Collecting all these estimates
yields finally

1 dz

ml / (1)
=o(1).
nm 27 1 — ye(z,uyn(z,va(z))) z7+1
Iy

and we are done. (3.8) — (3.11) give

1 e T
@H,H-‘rn(sat) = m /f,.;,n-',-n(aj,s,t)ﬁ dz.
,YI

It is easy to see that the numerator of f ..y is bounded by exp(C'y/|z|) for a suitable constant
C. Furthermore for = y + ¢ the denominator D(t, ) of f. .4, satisfies

D(t,z) ~ /—gerV "2 ny/ 22+ 1+00) o

As the real part of the exponent converges to zero as y — oo, the denominator is bounded from
below by a positive constant. Thus we may substitute the integration path 7' by v due to the
dominated convergence theorem. O

Proof of Theorem 3.2. For brevity, let us use the following notation in the sequel: If X is a
random variable on a probability space (€2, A, P) then set

/XdP

Furthermore, let W (s) denote reflecting BM and 7, := min{¢ : [;(0) > s} where l;(a) denotes
the local time at level a of (W™ (s),s > 0) up to time ¢. By P™ we denote the distribution of
(WT(t),t > 0) stopped at time 75 and Q“ denotes the distribution of rBB of length u. Then
the desired characteristic function is given by

d_)lﬁl“-n (tlv ceey ) Ql |: il (ma) 44ty l1(/1p)):| .

Moreover, note that (3.4) is an inverse Laplace transform and hence @y, ..., can be obtained
by transforming a proper function of Q“. In fact we have

Proposition 3.1. With the notations above, for Rx < 0 the following identity holds:

- u | pi(tilu(ra)+ttplu(rp)) v du o ﬂ
/0 @ {e } NezTl \/Txfzm,...,zﬂp(%l,...,Qtp)

This immediately implies Theorem 3.2.

Proof. By [21, Ch. VI, ex. 2.29 or Ch. XII, ex. 4.18] we have
“ = P7s ds.
/0 @ V21 /0

U du, e »

w | i(t1ly (k)4 +tplu(mp))} 67 _ P |:€Z(t1l7's(K1)+"'+tpl‘rs(”p))6z7—s:| ds.
/0 ° [ V2mu 0

Note that under P7s the local time is identical in law to the square of a 0-dimensional Bessel

process (see e.g. [5, p.78]) which we will denote by X; in the sequel. Decomposing the duration
of the rBM in the form

This implies

K Kp [e'e]

Ts = 7ZTS(a) da = 7l75 (a)da + /lTs(a) da+---+ / l-.(a)da + /ZTS (a)da
0 0 fip

K1 Rp—1
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gives

pr {ei(tll.rs(nl)—i-w—i-tplw(mp))eamg}

K1 o0
) {ez(tlxh—l—&-...-kthmp) exp (x/ X, du + x/ X, du)] )
0 K1

In this form our term is amenable to an application of [20, formula (2.k)] which states that for

K <K
E |exp (itX,.w + x/ X du) ‘ Xﬁ/]
xz1l—ity/—2 th (" — k' )v/—2
o [ X [ i /x coth ((k" — K')v/=2x) (3.12)
2 coth (5" — K')V=2z) —it\/—2/x
and

E [exp <:c/ X, du) ‘ XH//] = exp (XK,H ;) . (3.13)

Now proceed as in [9, pp. 440] (we will not detail this part): (3.12), (3.13) as well as the Markov
property give

exp <ithﬁp —I—x/ Xu du) ’ XKPI]
Kp o
exp | itp Xy, +x/ Xudu | E |exp m/ Xy du || X,
Kp—1 Kp
[z oy
exp (itp— —§>an +m/ Xydu || Xk, _,
Kp—1
T 1,v/3
=exp | —Xx,_, —5 = U (kp—rp_1) (a:,ztp 2)

where W(z,t) is defined in (3.2). The next step gives

exp <itp_1X,.€p1 +itp Xy, + JC/ Xu du) | XRPQ]
Kp—2
T ~ ~
— exp (-XFM (, [=5 = Vatey sy (mtp,l\/i + U, 1) (xzt,,ﬂ))))

and proceeding analogously we obtain after all

E

=E

X]

=E

E

E{exp(zthm—l— it X, —i—x/ X du)‘ m]

:exp< N <\/7 oo prh,...,t)))

fmg,...,mp(xa t27 ... atp)
= qu(Hz—lﬁ) ( .. \i]2(ﬁp_1—l§p_2) (x, Z.tpfl\/i + @2(){p—nﬂ_1) (fL'; 'Ltp\/§>> .. ) .

where
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Finally, observe that since we stop the BM at 7, we have Xy = s. Hence we may apply again
[20, formula (2.k)] with d = 0 and « = s and get

/ E [exp (it1 Xy, + -+ + ity Xy, + 275)] ds
0

[e%e] K1
= / E [exp (itXﬁ1 + x/ Xu du)
0 0

o0
< E {exp (ithﬁz b ity X o / X du) ’ X,ﬂ} X, = s] ds
K1
oo ~ K1
= / E [exp ((zt — ,/—; + frgeory (T, 12, .. ,tp)) X, +x/ X. du) Xy = s] ds
0 0
= fzf (2t 2t,,)
- - 2K1,...,2Kp 1y---y4lp
as desired. O

Remark . We would like to mention that it is also possible to use the generating function
approach for proving Theorem 3.2. But this requires a technically complicated detour via oc-
cupation times, so we will only sketch how this can be done: Let L([a,b]) = fol Iiap)(B(s)) ds
denote rBB occupation time of the intervall [a, b]. [4, Theorem 8] immediately implies

)=~ S Lak) L <[o %D . (3.14)

n

k<[tv/n]
Hence the problem of determining the local time distributions can be managed by com-
puting the characteristic function ®y,...x ,(t1,...,tp) of the joint distribution of L([x1, 1 +

n), ..., L([kp, kp + n]) and applying the relation

- . tq t

Groyeverey (t15 - - tp) = %‘i% Brey oo (? o ﬁ) )
Let ¢xymikoms...kym,n denote the number of all random mappings in JF,, with m; nodes between
the k;-th and the (k; + h)-th stratum. Then the corresponding generating function is given by

n
mp ~

Popl

o mi
Ckl...kp (Z, Upy .- ,Up) = § Ckimikamo..kpmynUy = °

M, >0

= []- — Yk (Zv yh(ulzv ULY ko —ky ( )

U

U1y —y 1 (2 Y1 (upz, upa(2))) )] 7

Setting k; = |k;jy/n| and h = |ny/n] we obtain by (3.14)

Dy oy zmf2(tl o tp) = lim —[2"]Chy., (2, €7, e/, (3.15)

n—oo N

Using the techniques in the proof of Theorem 3.1 we can prove

Theorem 3.3. The characteristic function of the joint distribution of L([rk1,r1 + n]),...,
L([kp, kp + 1)) satisfies

1 e’
¢I€1...I{p7](t1)"')tp) = . /Flﬂl ..... Iip,n(xvtlv"'vtp) d.’E,
Y

where

Emﬂ?(x7 1, Eﬁzfﬁlm(' . Eﬁp71fifp7277l(x’ tpflv Eﬁp*lipflm(‘% tp? 0)) e )
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with
Eq(z,t,y) (\/ —x — it)e™ ~“* cosh (77 (x+it)) — ze"V ™% sinh (n —2(J:+it))

— itsinh (kv/—2z ) sinh (n —2(z +it) )

—y (\/ —xz cosh (kv/—2z ) sinh (7] —2(x +1it) )

+V—z — itsinh (kv —230) cosh (77 —2(x +it) )))

{\/ —x —it)e™v =" cosh (77 2(x +it) ) — eV sinh (77 —2(z + zt))

— it cosh (kv/—2z ) sinh (77 —2(x +1it) )

—y (\/—x sinh (kv =2z ) sinh (77 —2(x +1it) )

V7 it cosh (wy/ "2 ) cosh (ny/ 20 1 1)) )]

This theorem in conjunction with (3.15) and the relations

1t
s1nh<17\[ —x——)wn\f —x——, n—0,
Ui Ui

it
and cosh (n\/i —JI—Z—> ~1, n—0.
Ui

immediately yields (2.3) after performing the substitutions t — ¢/2 and k — /2.

4. TIGHTNESS

In this section we will show that the sequence of random variables 1,,(t) = n='/2L, (t\/n),
t > 0, is tight in C[0,00). Since a sequence of stochastic processes X, (t), ¢ > 0, is tight in
C[0, 00) if and only if X,,(¢), 0 < ¢ < T, is tight in C[0,T] for all T > 0 (see [16, p. 63]) we may
restrict ourselves to finite intervals, i.e. it suffices to consider L,,(t), 0 <t < Ay/n, where A > 0
is an arbitrary real constant.

By [6, Theorem 12.3] tightness of I,,(t), 0 < t < A, follows from tightness of [,,(0) (which is
obvioulsy satisfied) and from an estimate of the form

P {ILa(pv) — Lal(p + V)| > v} < O (1)

for some @ > 1, > 0, and C' > 0 uniformly for 0 < p < p+1n < A. We will derive (4.1) from
the following property:

Theorem 4.1. There exists a constant C' > 0 such that
E (L (r) — Lo (r + k)" < Chn (4.2)
holds for all non-negative integers n,r, h.
Obviously Theorem 4.1 proves (4.1) for « = 2 and 3 = 4 if py/n and 1+/n are non-negative
integers. However, in the case of linear interpolation it is an easy exercise (see [13] or [11]) to

extend (4.1) to arbitrary p,n > 0 (probably with a different constant C).
It remains to prove Theorem 4.1. Since the coefficient

1
bn = sy, kol
kirh = nl[z"u “]1_yr(z,uyh(zam(z)))

is the number of random mappings of size n with k£ nodes in layer r and [ nodes in layer r + h,
ie.

bn T
P{Ly(r) =k Ly(r+h) =1} = L0

n’ﬂ
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we obtain

1
1 —yr(z, uyn(z,u"a(2)))

P{L,(r) = L,(r+h)=m}= 1'[z"um]

and consequently

E (Ln(r) - Ln(r + h))4 = n_n[zn]Hrh(z)a (43)
in which
0 0? 3 ot 1
Hrn(z) = (a_u + 7@ * 6% + w> 1 —yr(z,uyn(z,u=ta(2))) | g
- ﬁ (B (2) + Tha,en(2) + 6hs o () + ha g (2))
T T e i Bk (Thi 1 (2)% + 18h1 rn (2)harn (2) + 3hoen(2)? + 4hy pn(2)hsen(2))
36 .
+ m (hl,rh(z)3 + hl,rh(z)QhQ,rh(z))
24 A
+ mhl,m(z) )
and
o 1 .
hjen(2) = 5 5yr(zugn(z,u™"a(2))) -, (1<j<4).

In [9] these functions have been calculated (in a little bit more general setting) in terms of a(z).

Lemma 4.1. Set a = a(z). Then we have

1—a" 1—a"
hon(2) = GTHTC;U - ah)Q + ar+h+2ﬁ,
1—a (1—a")(1—a""1)
—_ 4T3 r+4 h\3
hd,rh(z> =a TQQ—’_BG’ (1—&)(1—&2) (].—(l )
4 3grtht3 (1—a")(1 —a")? _ gqrtht2 1-a"
(1—a)? l—a

1—a? (1—a")(1—a"1h
_ T3 h 3 h+1
‘ ( -2 Y Tl oi-a) )
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and

1—a3" ) (1—a")(1—a"1)
1 10" r+1
o +a“(7+10a + 10" + 6a" ") A= a1 - )

a—awa—arwu—arﬂ>a_a@4

harn(z) = ar+4<

+3(1 + 5a)a®

(1-a)(1—a?)(1-a?
+7MH<1—a” u—awu—a“w>dxr—wf

1—a? +3a (1—a)(1—a?) l1—a

— 12" th*4 (1—a")(1—a")? | 3grt2hta (1-a")(—a")?

(1-a)? (1-a)?
el ma (a1 —a®) (- a2 - ah )
—4da +41—a (ah - a2 + 3alT T ai—a) >

1—a" 1—a?h (1—a")(1—at 1)
12 r+h+2 ] r+h+3 3
+lea 1—a+ “ 1—a2+ “ (I-a)(1—a?)

(1-a")(1 - a"Y)
- a)(1—a)

(1—am(1—a"H(1 - ah_2)>

1— 3h
+ gt (1#3 + a?(7 + 10a + 10a" 4 6a"*1)
—a

+ 3a*(1 + 5a)

(1—-a)(1—-a?)(1—a3)
In a final step we will estimate the coefficients of H,(2). Since n!n=" ~ e~™/27n Theo-
rem 4.1 is equivalent to
[2"|H,n(z) = O (e"h*V/n) uniformly for all r, A > 0. (4.4)
Essentially (4.4) follows from a lemma from singularity analysis [10]:
Lemma 4.2. Let F(z) be analytic in a region
A={z:]z| < zp+mn, arg(z — z9)| > U},

in which zg and n are positive real numbers and 0 < ¥ < 7/2. Furthermore suppose that there
exists a real number o & {0,—1,—2,...} such that

F(z)=0((1-2/20)"%) (z € A).
Then
[2"]F(2) = O (z"n"7") -

Corollary. Suppose that G(z) is a bounded analytic function in A. Then

[Zn]G(z)(li(zzZ))z; -0 (6”n1/2>

uniformly for all k > 0.
Proof. (3.9) implies

sup |a(z)| =1 (4.5)
zZEA
and .
m =0 ((1 — 62)73/2) .

Hence we can apply Lemma 4.2 with o = 3/2. O
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By Lemma 4.1 and (4.5) it follows that H,,(z) can be represented as

— a(2)")? —a(2)"
Hop(z) —-(;Lrh(z)(;l__(;(g);i+_(;Zrh(z)(1—-a2z;)4 +_(;&Th(Z)ZiA:72(;jy§’

in which Gj,4(2), 1 < j < 3, are uniformly bounded in A. Note that H,¢(z) = 0. So we may
assume that h > 1. The coefficient of the first term of H,y, (z) can be estimated by

1—a(z)")? S .
16 g = I T Za P

— Z G, ( a( )
T = al2)?

1,j=0
=0 (e"hin/Q) .

The coefficient of the second term is even smaller:

n w = [2" . hila i
[z ]Gg’rh(z) (1 7@(2))4 _[ ]G2,rh( )( a(z))3 Z ( )

_a(z)
= GZ rh
Z (1-a(2)?
-0 (e"hn1/2> -0 ( nh2 1/2)
Similarly we can treat the remaining term

[z”]Gg’Th(z)m =0 (e"n1/2> =0 (e"hin/z) .

Thus we have proved (4.4) which is equivalent to (4.2). This completes the proof of tightness
of the sequence [, (t) and consequently the proof of Theorem 1.1.

Acknowledgment. We wish to thank the referee for indicating a shorter and direct proof of
Theorem 3.2.
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