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EXTENDED ADMISSIBLE FUNCTIONS
AND GAUSSIAN LIMITING DISTRIBUTIONS

MICHAEL DRMOTA, BERNHARD GITTENBERGER, AND THOMAS KLAUSNER

ABSTRACT. We consider an extension of Hayman’s notion of admissibility to
bivariate generating functions f(z,u) that have the property that the coeffi-
cients a,j satisfy a central limit theorem. It is shown that these admissible
functions have certain closure properties. Thus, there is a large class of func-
tions for which it is possible to check this kind of admissibility automatically.
This is realized with help of a MAPLE program that is also presented. We
apply this concept to various combinatorial examples.

1. INTRODUCTION

When counting objects with two characteristics (e.g., size n and another param-
eter k: anj) one usually expects that there exists the limiting distribution of the
random variables X,, defined by

PX, =k = 22k

Qn

(where a,, = Y an). In many cases this limiting distribution is Gaussian. More
k

precisely, there exist sequences p, and o, (with o, — 00) with

Z ank = an®(z) + o(ay,)

k<pn+zon

1 * 2
O(x) = \/—2—7_‘_/ e /2 dt.

The purpose of this paper is to present a concept that allows one to decide this
question directly by looking at the corresponding generating function

f(zu) = Z a2 ub.
n,k

as n — 0o, where

There are good reasons for considering generating functions. First of all, there
are lots of (combinatorial) examples where the corresponding (bivariate) generating
function is easy to establish. For example the coefficients of the generating function

flzu) = 7Y
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are the Stirling numbers of the second kind S, that count the number of partitions
of k sets of a set of size n.

Second, the generating function f(z,u) encodes certain characteristics of X, in
a proper way. Expected value E X,, and variance Var X,, are given by

[2")fu(z,1)

SR FOTIERY

and
[Zn}fuu(z’ 1) + fu(zv 1) — (fu(za 1))2
[z"]f(2,1) ’
where f, denotes the derivative of f with respect to u. Furthermore, the moment
generating function m,,(t) = E !X~ is given by

n t
() = ).
[z"]f(z,1)

There are numerous results on Gaussian limiting distributions related to the
shape of generating functions. For instance, if the coeflicients [2"]f(z,u) behave
like a power of a function in u, there are results by Bender and Richmond [BR83]
and Gao and Richmond [GR92]. Extensions are due to Drmota [Drm94], Gardy
[Gar95] (powers of functions), and Hwang [Hwa96l [Hwa98] (so-called quasi-powers).
Generating functions related to components of combinatorial constructions have
been investigated by Flajolet and Soria [FS90] [FS93].

We will examine a different approach: for example, if f(z,1), fu(z,1) and
fuu(z,1) are all Hayman-admissible functions (see [Hay56]), for which the asymp-
totic expansion of the coefficients is known, then it is possible to get an asymptotic
relation of a,, = [2"]f(#,1) and consequently of E X, and Var X,,. One advantage
of the class of Hayman-admissible functions is the presence of strong closure prop-
erties which are easy to test with MAPLE. The closure properties say that from a
basic set of admissible functions (for which one has to verify that the conditions for
Hayman-admissibility are fulfilled) one automatically gets a large class of composite
functions that are Hayman-admissible as well.

There have been attempts to extend Hayman’s concept: one is due to Harris and
Schoenfeld [HS6§| in order to get full expansions for the coefficients. Bender and
Richmond [BR&6, BRI6] defined admissibility for functions in several variables and
obtained a multidimensional normal law for the coefficients.

However, in order to prove a central limit theorem for the random variables
defined above and to establish sufficiently strong closure properties for automatic
treatment as well, we need a different concept. In the next section, we define the
concept of extended admissibility and present the main results that can be proven
for such functions. Section[Blgives a description of an implementation of our results
in MAPLE. In section @l we present some applications mainly related to set partition
problems. The last section is devoted to the proofs.

Var X,, =

2. MAIN RESULTS

We will now present the basic definition. The aim is to follow Hayman [Hay56] as
closely as possible, which will imply f(z, 1) to be Hayman-admissible, and to require
as little as possible for the behaviour of f with respect to the second argument.
This results in the following definition.
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Definition 1. A function f(z,u) =Y, ;- anx2"u" is called extended admissible
or e-admissible if there exists 0 < R < oo such that the following conditions are
satisfied:

(1)

(2)

(®)

(9)
(10)

f(z,u) is analytic in Ag ¢ = {(z,u) : |2| < R,|u| < 1+ (}, where { > 0,
and for some Ry < R we have

f(r,1)>0, Ro<r<R.

Set
o) = 5
o =t =+ 2 ()
alz ) = “J;L((:;))a bz, u) = uay(z,u),  c(z,u) = uay(z,u),
and

; e(r, )2\ "
=K [(b(r1)—
)= (s - G0
where K > 0 is an arbitrary constant. Then, for each choice of K > 0 there
exists a function 6(r) : (Ro, R) — (0,7) such that for Ry < r < R we have

f (rew, u) ~ f(r,u)exp <i9a(r, u) — %zb(r, u)> , asr— R,

uniformly for || < §(r) and uw € [1 — &(r),1 + &(r)].
For Ry < r < R we have

fre® u)=o <7f£z;ui)> , asr— R,

uniformly for §(r) < |0| <7 and w € [1 —&(r), 1 +(r)].

For r — R we have b(r,1) — occ.

b(r,u) ~ b(r,1) for r — R, uniformly for v € [1 —e(r),1 4 &(r)].

a(r,u) = a(r,1) + ¢(r,1)(u — 1) + O (¢(r,1)(u — 1)?) for r € (Ry, R) and
u€[l—e(r),l+elr).

a(r,u) = O (a(r,1)) and b(r,u) = O (b(r,1)) for all u in an arbitrary but
fixed complex neighbourhood of 1 and all r.

7 c(r,1)?
b(r,1) — o) — o0 asT — R

e(r)3b(r,1) — 0 for r — R.
b(r,1) = O (a(r,1)?) and a(r,1) = O (f(r,1)7) for every n > 0.

Remark. Note that this definition implies that functions f(z,u) that are e-admis-
sible in some Ag ¢ (in symbols f € £r) are Hayman admissible (H-admissible, in
symbols € Hg) in the first variable, i.e.,

f(z,u) € Ep = f(2,1) € Hpg.

This follows from the fact that assumptions (II)-(&) actually define Hayman admis-
sibility uniformly in u. In particular, this means that the analog of (1) for a and
b is true by [Hayb6, Lemma 2]: we have

(2.1)

b(r,1) =0 (a(r, 1)2)
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and for every n > 0, the estimates
(2.2) a(r,1) = O (f(r,1)") and b(r,1) = O (f(r,1)")
hold.

Furthermore, Hayman’s result applies for f(z,1) and because of uniformity in u
it carries over to u € [1 — e(r), 1+ &(r)]. We get

Theorem 1. Let f(z,u) € Egr. Then as r — R we have

1) = P (o (R o).

uniformly inn and u € [1 —e(r), 1+ &(r)].
As a consequence of this theorem we can prove

Theorem 2. Let f(z,u) € Egr such that for sufficiently large n all coefficients any
are nonnegative. X,, denotes a sequence of random variables satisfying
PIX, = k] = 2k,

an
Then the following central limit theorem holds:

X, —a(ry, 1)
2.3 Y, =
( ) \/‘B(Tml)l/b(rnvl)

where 1, is the positive solution of a(r,1) = n and |B| is the determinant of B with

Blr,u) = ( b(r,u)  c(r,u) )

— N(0,1),

e(ryu)  b(ryu)

Furthermore we have, as n — oo,

(2.4) E X, =a(rn, 1)+ o(|B(rp,1)|/b(rs, 1))
and
[B(rn, 1)
2. Var X,, ~ ———.
(2.5) ar X, b 1)
Note that 23), (24), and (23] also show that
X, -EX,
—— — N(0,1).
Var X, —NO,1)

Remark. We also want to mention that the proofs of Theorems [I and 2l do not
require all parts of the definition of e-admissibility. For Theorem [ assumptions
@) are sufficient. The assertion of Theorem [ follows from the assumptions
@), @), and [@). However, all assumptions are needed to establish the closure
properties for e-admissible functions. Those assumptions are usually satisfied for
reasonably constructed functions; compare with Theorems [3] and [l

Theorem 3. The following two classes of functions are extended admissible:

e Let P(z,u) be a polynomial in z and u with real coefficients written in the
form P(z,u) =Y, ppzFnuln by choosing an arbitrary order of the monomi-
als. Furthermore, let P(z,1) =Y bm2™, i.e., by = Y2, 1 _, Pn- Finally,
set

L
1 K3
L ) ? 0}

K :=max FE with E = {ki—kk:j :det< I
j
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and I := {(i,j) : ki + kj = K}. Then % € £ if and only if the

following conditions are satisfied:

(a) For every d > 1 there exists an m # 0 mod d such that b, # 0.
Moreover, for mg = max{m # 0 mod d : b,, # 0} we have by,, > 0.

(b) E is not empty and

ke L\

Z Pupy det ( k" Z” > > 0.
(wv)€l o

(c) max{k; : p; # 0} < 3K/5.

o If f(2) € Hg, g(u) is analytic for |u] < 1+ ¢ and satisfies g(1) > 0 as well
’ 2

as g'(1) + ¢"(1) — % > 0, then e9WF(2) ¢ &g,
Remark. Note that for functions of the form e (*%) the definition of e-admissibility
is too strict. In fact, there are many cases where a normal limit law occurs though
the corresponding generating function is not e-admissible (compare with the ex-
amples presented in Section M]). The reason lies in condition (c¢), which is related
to (@) of the definition. Since P(z,u) are nice functions not only for u close to
one, this can be avoided and a multivariate normal limit law can be proved. A
characterization of these cases is the topic of work in progress.

Theorem 4. Suppose that f(z,u) € Er and g(z,u) € Er, P(z,u) a polynomial
with positive coefficients, and h(z) € Hg. Then the following functions are also in
gR-'

su) - g(z
h(z) : f( 7“)7
P(z,u)- f(z,u),
ef (zu)
eP(Wh(2) “if Pz, u) is not independent of u,
el +h(z) if R = oo and P(z,u) is not independent of u,
f(z,u) + Q(z,u), where Q(z,u) is an arbitrary polynomial.

f(z,u) - g(z,u),

Remark. For eP’(")+h(2) the positivity condition for P(z,u) can be relaxed. For
such a function to be e-admissible it is sufficient that lim, o Py (2, 1)+ Py (2,1) =
00.

With help of Theorems 2H4l it is also possible to check automatically (with
MAPLE) if a given function f(z,u) is in €x, and in most cases one obtains a
central limit theorem for the coefficients as well.

Theorem [2] also provides asymptotic expansions for the expected value and vari-
ance in terms of the derivatives of f(z,u) (evaluated at z = r, and u = 1). Thus,
it is also of interest to obtain these asymptotic expansions automatically. For this
purpose one has to solve two problems, first an asymptotic expansion for 7, (that
is, an asymptotic inversion of the function r — a(r,1) = rf.(r,1)/f(r,1)) and,
second, an asymptotic insertion of r,, into a(r, 1) and into |B(r,1)|/b(r,1). For ex-
ample, if f is an exp-log function (that is, it is built by finitely many compositions
of rational functions as well as e* and log z), then we can apply the results and
implementations for multiseries inversion and substitution by Salvy and Shackell
[SS99] (cf. also Richardson et al. [RSSVAH96]) in order to compute automatically
an asymptotic expression for r, and, consequently, for the mean and variance if
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they exist. (The problem is that not every exp-log function has an inverse that is
asymptotically equal to an exp-log functionl; see Shackell [Sha93].)

3. DESCRIPTION OF THE PROGRAM

The implementation provides a MAPLE module named extadm with two user
entry points: extadmtest and ea_addfunc. For H-admissibility tests, the equivalent
function from algolib (see [Sal91]) is used.

extadmtest(fct::algebraic, varl::name, var2::name) tests if a given function is
extended admissible in varl around var2=1 and returns true, false, or an error if
it cannot decide. It splits the given function fct in smaller parts according to its
structure and uses the closure properties from Theorems [3] and @ above.

A wuser can teach extadmtest about additional classes of functions. For this,
the user has to provide a function ¢mpl that takes three arguments fct, varl,
and wvar?2 like extadmtest itself, and returns true, false, or error depending on
the e-admissibility of the tested function. This function impl is then added to
extadmtest’s function table by calling ea_addfunc(fname::symbol, impl). After a
function fname has been added in this way, whenever it appears in a test,
extadmtest calls impl(fct, varl, var2) on the subfunction.

For example: ea_addfunc(’sinh’, ea_sinh) would add the user-provided function
ea_sinh as a decision function for any hyperbolic sine (sub-)functions.

Additional information will be printed when the variable infolevel[extadm] is set
to at least 3.

4. EXAMPLES

In this section we present some combinatorial applications for e-admissibility.
Note that many generating functions occurring in the following examples satisfy
more than what is required for being e-admissible. For instance, examples 1]
€3] and are admissible in the sense of Bender and Richmond [BR96] as well.
However, there are combinatorial problems whose generating function is not BR-
admissible; see example [£.4]

4.1. Stirling numbers of the second kind. The generating function for the Stir-
ling numbers of the second kind is f(z,u) = e€”=1  Since e* — 1 is H-admissible,
f(z,u) is e-admissible by the second part of Theorem Bl We get

a(z,u) =uze®, a(z,u)=u(e®—1),

and

B(z,u):(“(z+22)ez e )

uze® u(e® —1)

The solution of a(r,1) = re” = n is r, ~ logn — loglogn. Hence we get a normal

limit law with asymptotic mean a(ry,,1) ~ $ and asymptotic variance
det B(rn,1) . (rpem)? e n
b(’f‘n, 1) (T% + Tn)ern T'n log2 n’

which has already been shown by Harper [Har67].
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4.2. Permutations with bounded cycle length. Permutations with cycle
length less than or equal to £ can be described by the generating function f(z,u) =

evet(?) | where e/(z) = Zle ZTl Since the exponent is a polynomial, we have to
check the conditions of Theorem [B] and it turns out that f(z,u) is e-admissible if
and only if £ > 3. So in this case Theorem [2limplies a central limit law. To get the

asymptotic mean and variance compute

() = us =2 ) =32 o) = ae

a(z,u) = uzg—r, a(z,u —ui:1i, c(z,u) = a(z,u),
1= (4D o

b(z,u) = uz ESE , o b(z,u) = a(z,u).

1

a(r,1) = n implies r, ~ n'/* and, consequently, the asymptotic mean and variance

are given by
det B(rp,1) 202 —-20+1 | 1

_ n
a(rn,l)wz and b 1) ~ A1) n'e,

respectively.

Remark. Though for ¢ < 3 the function is no longer e-admissible (¢ would be too
large in this case), it can be shown that the central limit law with asymptotic mean
and variance as given above is true for ¢ > 2. In the case £ = 1 the distribution
degenerates. (The same holds for the first two examples in Section [£.35])

4.3. Partitions of a set of partitions. These objects are the partition of the
set of subsets of a given partition. One gets the generating function f(z,u) =

(eI 7=1) * Again, one can compute the logarithmic derivatives and an asymp-
totic expression for r,, mean and variance. This has been done by Salvy and
Shackell [SS99], and they get

n an det B(rp, 1) n
lognloglogn b(rp, 1) log? nloglogn’

a(rn, 1)

Since e¢ ~! — 1 is H-admissible and thus f(z,u) e-admissible, Theorem 2] implies
that, moreover, a central limit theorem holds.

4.4. Partitions counted by singleton blocks. When counting the number of
partitions of an m-element set having k singleton blocks, we get the generating
function f(z,u) = e® ~1=*t2% The exponent is the sum of a polynomial and
e? — 1 — z, an H-admissible function. Thus, by Theorem ] f(z, ) is e-admissible,
and therefore a central limit theorem holds. We get

a(z,u) = ze* — z+uz, a(z,u)=uz

e ((z2+z) e z)

and

z z

Thus by a(r,1) = re” = n we have as before r,, ~ logn — loglogn, and therefore
the asymptotic mean and variance are given by a(r,, 1) ~ logn and
det B(rp,1)  (r3 +7r2)em™ — 12

= ~ ~ 1
b(’f’n, 1) T (rn + 1)67‘” Tn ogn,

respectively.
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4.5. Other examples.

Set partitions with bounded block size. The generating function is exp (u Zle j—:),

which is obviously e-admissible if and only if £ > 3.

Of course, different kinds of restrictions on the block size may be investigated
by our method as well, since they differ from the present case only in the sum in
the exponent. The same applies to restrictions of the cycle length in permutations

(cf. Example [£2).

Number of cycles of mazximal allowed length in restricted permutations. Here the
generating function is exp (“T‘fl + Zéil z ), which is e-admissible for ¢ > 3.

i=1 74

Covering complete graphs with bipartite graphs. The generating function is
exp (u(e® —1)%/2) (see [GI83], BRI6]), which is obviously e-admissible.

5. PROOFS

Proof of Theorem[Il To prove this theorem Hayman’s proof can be used without
any change. The idea is to write the coefficient as

27 —§
PG = o [ fet e
=5
1 ) 2w —§
_ 160 —inf
=5 /—|— / f(re*, u)e do
=50

and to use the expansions [2)) and @) of the definition of admissibility to the two
integrals of the right-hand side. Since (2] and (B are uniform in w, the resulting
expansion is uniform in u as well. (Il

Proof of Theorem [2l In order to prove the theorem, we have to show that the
moment generating function of X,,,

my(t) = B! =

satisfies

Ee''" = ex - tair, 1) ) —et’/?
P <\/b(r, 1) —e(r,1)2/b(r, 1)

for all t € [~ K, K] with some K > 0. [Hay56, Lemma 4] tells us that, if |b(r,u)| <

b(r,1) for |u — 1| < 2n (which is true by (@)), then

2 _ ,
flr,e") = f(r,1) exp (ta(r, 1)+ 51)(7", H+0 (b(r, 1)t3)> , asr— R,
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uniformly for |t| < e(r). Thus by (@) we obtain (for r = r,)

M (t) = exp (- (a(r, 622 (;jgr’ V=64 o)

+ta(r,1) + gg(r, 1)+ 0(1)) (1+0(01)
= exp (ta(r, 1)+ % (b(r, 1) - cb(r, D )

Since ¢(r,1)? < b(r,1)b(r,1) by ([®) an application of (@) finally establishes the
central limit theorem (23]

The proofs of (24) and (2.1) are standard. We can even show that all moments
of the normalized random variable converge to the corresponding moments of the
Gaussian distribution. Convergence of the moment generating function and Cher-
nov’s inequality provide exponential tail estimates for the distribution functions.
Thus, it is sufficient to consider finite intervals for proving convergence of moments.
However, on finite intervals monomials are bounded and, thus, (uniform) conver-
gence of distribution functions implies convergence of bounded functionals. This
completes the proof of Theorem [2 O

Proof of Theorem [3l

Part 1. Let P(z,u) = Y.%_, p,z"»ul* be a polynomial satisfying the assumptions
of the theorem. Since P(r,u) ~ P(r,1), uniformly in u, and the statement of
the theorem is true for Hayman admissibility and polynomials in one variable (see
[Hay56, Theorem X]) satisfying condition (a), we immediately get (@) and (@) with
a(ryu) = 3, pknrfruln and b(r,u) = 3 ppk2rkruln if we choose § such that
§(r) = o(r=*/3), where k = maxk,. Furthermore, (a) implies that the leading
coefficient in b(z,1) is positive, which implies {@). Now (@) and (@) are obvi-
ously satisfied with c(r,u) = Y, puknlorFrul». Since a(r,u) = Y, pulprFruls
and b(r,u) = 3", ppl2rkruln we immediately get (7). To show (8), as in Theorem 2]
let B denote the matrix of the second logarithmic derivatives of P(z, ). Then by
the multilinearity of the determinant we get

L L bl 2
det B(r,1) = Z thpirk”ki <det <k}z l?)) )
h=11i=1

Then by condition (b) the order of magnitude of B is B = © (r) and the
leading term is positive, which implies (§). From b(r,1) = © (rk) we obtain
e = O (r'8=%)/2) and by condition (c) this proves (J). Finally, note that f grows
exponentially while @ and b do not. Moreover, @ and b have the same order of
magnitude and thus we have (I0).

On the other hand, if the first condition is violated, then e (*1) will not be
H-admissible and hence %) ¢ £ (®) and (@) are equivalent to (b) and (c),
respectively. Therefore the three conditions in the theorem are necessary and suf-
ficient for admissibility.
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Part 2. Let F(z,u) = 9/ with f € Hp and g(u) as in the statement of the
theorem. By Lemma 5] we have uniformly for 0| < a(r)™1,
(5.1)  f(re®) = f(r) +ibrf'(r) - g(rf'(r) +r2f"(r) + O (6° f(r)a(r)?) -
We have
a(r,u) =rg(u)f'(r), a(r,u) = ug'(u) f(r),
b(r,u) = (rf'(r) + 12" (r))g(u), b(r,u) = (ug'(u) + ug” (u)) f(r),
c(r,u) = rug'(u) f'(r).

With these formulas the validity of {)—(T) is easily seen. For (§) note that by
[Hay56, Th. I11] we have

and thus we get

b—

& R
= )+ 00~
< P A

-y ) S0 =

Consequently, £(r)3b(r,1) < f(r,1)~%/2 — 0, as required in (@). As to the expo-
nential growth of f, (I0) is obvious.

Finally, following Hayman [Hay56], we set 6(r) = f(r)~%/® and (51)) directly
yields (). By Lemma 6] we have

[f(re®)| < f(r)— £F(r)7,

and hence
1/7

|F(re u)| < F(r,u)e” ()

Now applying [Hay56, Th. III and Lemma 2] gives B(r,u) = O (g(u)f(r)'*¢) and
@) follows. O

Proof of Theorem [l

Product of admissible functions. Let f1, fo € Er. Clearly, the logarithmic deriva-
tives of f = f1fs satisfy

a=ai+ as, b= by + by, c=cy + ca,

a = aj + az, b:bl—i—gg.

Thus (&), (6), and @) are fulfilled for u € [1 —n,1 + n] with n = min(ey,e2). The
validity of () is easy to check as well. To prove () observe that
c? e B (c1 + c2)? c3

Cepla b,_<:>7<— 2 2cicabiby < 202+ 22
y = h b1+2 by by T by b1+b2 C1C20102 < €105 + ¢507,

which is obviously true and implies (§). Another consequence is that ¢ =

1/4/b — 2 /b < n; hence the domain of validity for (5], (@), and (@) is large enough.
Furthermore, this implies ([@)). @) and (@) can be proven in the same way as [Hay56
Th. VII], and (IQ) is obvious. O
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Multiplication by a Hayman admissible function. If fi € Hgr and fo € &g, then
the same argument as in the previous section applies. Of course, here we have
cp=a1 =b; =0and ¢ = ey. O
Multiplication by a polynomial. Let f(z,u) € Eg with some positive R < oo and
P(z,u) a polynomial with positive coefficients. Due to uniformity in u the proof of
[Hay56, Th. VIII] can be used without change to prove ([2) and ([B]). Let A, B,C, A, B
denote the logarithmic derivatives corresponding to P(z,u)f(z,u). Then we have
PZ (7”’ u)

P(r,u)’

- P,
A(ryu) = a(r,u) + UM

P.(r,u) e (Pzz(r, u)  P.(r u)2) |

A(r,u) = a(r,u) +r

B(r,u) =b(r,u) +r Plr.u) Plr,u)?
P, (r,u) o { Puu(r,u) B P, (r,u)?
P(r,u) tu < P(r,u) P(r,u)? ) ’

Cr,u) = e(r,u) +ru (PZ“(T’“) Bk “)P"(T’“)> |

B(r,u) = b(r,u) +u

P(r,u) P(r,u)?
Since the rational terms in the equations above remain bounded when r — R,
contrary to a, @, b, and b, they do not affect the validity of (@)—(I0). O

Ezxponential of admissible functions. Let F(z,u) = e/(*%). The logarithmic deriva-
tives of f are denoted as usual by a, @, b, b, and ¢, the ones of F' by the corresponding
capital letters.

Since extended admissible functions satisfy all the conditions imposed on H-
admissible functions even uniformly in u, Lemmas 1-6 of Hayman [Hay506] are true
for extended admissible functions, too. The proofs there can be used without any
change except for replacing f(z) by f(z,u) and derivatives by partial derivatives
with respect to z, and the results hold uniformly in u. Since with the help of
these lemmas Hayman proved that the exponential of an H-admissible function is
H-admissible as well, we can adopt his proof of [2)) and ([@B]). Moreover, we get

(5.2) B(r,1) — oc.
Note that

A(ryu) =rf(r,u) = a(r,u) f(r,u),
(5.3) A(r,u) = ufy(r,u) = a(r,u) f(r,u),

)
(r,u)
B(z,u) = rf.(r,u) +r2f..(r,u) = (b(r,u) + a®(r,u)) f(r,u),
(5.4) B(z,u) = ufy(r,u) + u® fuu(r,u) = (b(r,u) + a(r,u)) f(r, u),
C(z,u) = zufo(r,u) = (c(r,u) + alr,u)a(r,uw)) f(r,u).

With these formulas we see that (I0) is valid, since for every v,n > 0 we have
af =0 (f'")=0(e") and (b+a?)f = o(a*f?). Moreover, we get
_ 2 _ (c+ aa)? bb — c?
. B——=(b+a’ - >
55) 7= (e - ) 2 s

where the inequality is obtained by expanding the terms, using ¢ = o (a@), which is
a consequence of ([®), 21), and ([I0)), and performing some elementary estimates.
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The limit follows from () and (Z2). Furthermore, observe that since |u — 1| <

Vb+a?/\/(bb— c?) f we obtain by [I0) and 22,

(-l < —22HE
56 (bb— c2) f
- b(b+ a?)
|(u—1)%b] < W — 0.

Hence we immediately get ([@):
- 72 213/2
op_ B0
(bb— )"V f

(5.7)

Turning to (&) observe
B(r,u)
B(r,1)
_ b(r,u) + a(r,u)?
b(r,1) + a(r,1)2
b(r,1) +a(r,1)2 + 0O (2a(r, Ve(r, 1) (u—1) + (a(r, V)e(r, 1) + c(r, 1)2) (u — 1)2) +o(b(r,1))
b(r,1) + a(r,1)2

=1+o0(1),
where the last equation follows from application of (I0) and (22): we have

ac ac
——u-1)< = by (G.5)
b+ a? VhtaZ,/(bbh—c2) f
b+ Vbb
< —F——0,
ay/ (bb— c?) f

by ([I0) along with ¢ < vbb and then () together with (Z2), and
) _
ac+c (-1 < a@—i—bb 50
b+ a? (bb—c2) f

by (BX) together with ([I0) and ([I0) together with [22). This implies (B) and in
conjunction with (5.2) we get (). Next we prove (@). Set u = e’. Then we have

Alru)— A(r 1) HEHa(ru) —a(r1)
Clr)(u—1)  (c(r1)+a(r,Dalr, 1)(u—1)

(Fe2 = 1) alr, 1) + L2 el 1)t + 0 (LEer 1))

t(c(r,1) + a(r, 1a(r, 1))
(etaft% _ 1) a + eta—t bct—i—(’)( ta—t bct2>
- t(c+ aa)

=1+0(t),

where the last two lines follow from (B7) and (5.8). Finally, () is obvious in view
of (5.3) and (B.4).
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The class exp(P(z,u)h(z)). Since e-admissible functions are closed under multipli-
cation, it is sufficient to consider the case where P(z,u) is a monomial. Then use
the fact that the product of an H-admissible function with a polynomial is again
H-admissible and combine this with the second part of Theorem [3 to get the result.

The class exp(P(z,u) + h(z)). Here we have

a(z,u) = z(P,(z,u) + h'(2)), a(z,u) = uPy(z,u),
b(z,u) = 2(P.(z,u) + b’ (2)) + 22(P..(z,u) + h"(2)),
b(z,u)
c(z,u)

(z,u) = uPy(2z,u) + u?Pyuy(z, 1),
(z,u) = zuPyy (2, u)
and hence

zh + 22h" 2uP,,
0 uP, + uP,,

ZPZ —+ Z2Pzz ZUqu

= D;(z,u) + Da(z,u).

The growth properties of H-admissible functions and their derivatives are well stud-
ied (see [Hay56]). Therefore we know the order of magnitude of D;(r,1) and
Dsy(r,1): we have Da(r,1) = O(r?h” (r)(Py(r,1) + Puyu(r,1)) and Dy = o(Ds), as
r — 00. Moreover, since b(r, 1) and ¢(r, 1) grow polynomially and b(r, 1) ~ r2h"(r)
we get (B). The polynomial growth of @ and b along with their equal order of mag-
nitude immediately implies (I0). Since ¢ ~ b~'/2, we have on the one hand (@) and
on the other hand € — 0, which implies (2)) and {@)—([@). Finally, since

|B(z,u)| =

h(reig) _ eh(r)

exp (P (rew,u)) =0 (eP(T’“)) and e = ﬁ
r?

we get (3.

Addition of polynomials. Since every e-admissible function f(z,u) grows at least
exponentially, polynomials are negligibly small in comparison to f(z,u) and thus
f(z,u) + P(z,u) is obviously e-admissible too. O
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