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1. Introduction

If f(z) is a power series
(1) 1) =”§1a,.z"

convergent for |z] < p, where p > 0, then f(z) is said to have a fixpoint of

multiplier g, at z = 0. In the (local) iteration of f(z) one studies the sequence

{fa(z)},» = 0,1, 2, - -+ in a neighbourhood of z = 0, {,(z) being defined by
fol2) = 2, f.(2) = H{fur(2)} for n=1,2,3,---

For many values of the multiplier 4,, including 0 < |a,] < 1 and |a;] > 1,
the local iteration of f(z) is completely mastered by the introduction of
Schriéder’s functional equation

(S) 2{f (@)} = a1 x(2).

Koenigs [11] showed that, if 0 < |a,] < 1 or if |a,| > 1, there is a unique
function y(z) which satisfies (S) and has an expansion

1) =z + E by

convergent in some neighbourhood of z = 0. Any other solution of (S) which
is regular at z = 0 is a constant multiple of x(z). Not only can one express
all the ‘“natural” iterates f,(z) as

fa(2) = 2{612(2)}

in suitable neighbourhoods of z = 0, but with arbitrary real or complex 4
and suitable determinations of a} the expression

(2) h(z) = za{al2(2)}
generalises f,(z) to a family of continuous iterates £, (z) which are permutable
in the sense
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3) hifs(@)} = 1 (2)} = fasu(2)-

The same calculations may be carried out formally in the case ¢, = exp(#0)
where 6 is real and irrational. Cremer (4] and Siegel [14] have shown that
the convergence of the series obtained depends on number-theoretic proper-
ties of 0. If a, is a root of unity, even the formal calculation of the Schroder
function is generally impossible and if 4, = 1 this is always the case.

This paper is concerned entirely with the case @, = 1. The natural iterates
f.(z) have been studied by Fatou [5] and others, but continuous iterates
analytic at z = 0 are not provided by the above Schréder method. There is,
however, another approach based on the connexion between permutable
functions and iterates (c.f. Hadamard [7], Szekeres [15]). We use the symbol
fog where f =32 a,2" and g =332, b,7z" are formal power series, to
denote the formal power series Ya.;c,2" obtained by substituting g for z
in f and rearranging according to powers of 2. Since ¢, depends only on
a,,"--a, and b,,---b, there are no problems of convergence and the
operation fog is associative. If f is a given series with 4, = 1 we may
determine all series of the form g which are permutable with f in the sense

(4) fog=gof.
This is done in §2 and the set of such g is found to include a family F of
series f,

F:fi=z2+2a, 2" 4+ 3 b A" m=1,a,,,%#0
Ne=m-+4-2
which satisfy
fao f;t = f/l ofa

and may be regarded formally as a family of continuous interates. The
discussion of the convergence of the series f, in a given case is likely to be
difficult since the rule of formation of the &,(4) is complicated. In [1] the
special case corresponding to f, = ¢*—1 was treated by indirect arguments
to show that in that case only integral values of A yield convergent series
(at least for real 4). This prompts the question: what A-sets can arise as the
sets of those values 4 for which the member f, of a family (F) has a positive
radius of convergence? The answer is provided by § 6, theorem 10: such a
set consists of the whole A-plane or of one or two dimensional lattice of
points. In the first case f(z) is embedded in a continuous group F of iterates
which are regular at z = 0 and which possess a regular infinitesimal trans-
formation (§ 7). In the other cases no such embedding is possible.
Sections 3,4 contain extensions of the work of Fatou [5] which are used
in the proof of theorem 10. Section 5 contains a proof that those f, of a
family which have positive radius of convergence satisfy certain conditions
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of boundedness (theorem 7) which are essential for the later proofs.

Besides studying iteration and permutability in the neighbourhood of a
fixpoint one may consider e.g. permutable rational functions (Julia [10]),
polynomials (Ritt [12] and Jacobsthal [9]) or entire functions (Baker [1]
and Ganapathy Iyer [8]). In § 8 some applications of our results to such
global problems are considered.

2. The formal power series

The extent of the formal power series which are permutable with a given
formal power series and the way in which these series form a continuous
family are described in the following theorems.

THEOREM 1. If f(z) is any formal series of the form

(5) HO) =2+ 3 8" apu#0m 21,
fN=m-1

then every formal series

(6) 8(@) = 2. b,2"

which is permutable with f(z) in the sense of (4), has b7 = 1.

Proor: If b, £ = 2is the first nonzero coefficient in (6), then the compari-
son of coefficients of powers of 2™+* in (4) gives ka,,,b;, = 0, which is a
contradiction. Thus only the case k2 = 1, b; 3£ 0.is possible and the compari-
son of coefficients of 2+ in (4) gives a,,,,(b; — 67"*!) = 0, so that 8P = 1.

THEOREM 2. Case b, = 1. With the notation of theorem 1: if b, =1,
then by = -+- =b,, = 0 while b,,,, is arbitrary and to an arbitrary value A
there is exactly one g(z) with b,,,, = Aa,, 1. This g(z) we denote by f,(z) and 1t
has the form

) A@) = 14+ 28 2™ + 3 b (1)

n=m+2
where b,(A) is a polynomial in A of degree at most (n — m).

Proor: Equating coefficients of 2™+2 in (4) gives (m — 1)a,,,,8, = 0 and
thus 4, = 0 if m > 1. Equating successively coefficients of 2™+ for § = 3,
-+, m, gives (m — j 4+ 1)a,,.,b, = 0 and thus b, = 0. For z2™+! the coeffi-
cients vanish identically, while for 2 > m + 1 coefficients of z™+* give an
equation of the form

k-1

(8) Bppa(m + 1 — )b = 3 6,0, + 3 dye w0700 B3y

j=m+1
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where the non-negative integers 9, ¢, - - - v satisfy

(9) m+l=pt+gt+--+v=m+k—1
and
(10) p+m+l)g+---(k—1v=m+k

while the ¢; and d,,,_, are dependent only on the coefficients a,. It follows
from (8) that b, is arbitrary and that once %, is given all other b,,
n > m + 1 are determined inductively in a unique way. If we set b,,,, =
Aa,., and calculate the &, they will be polynomials in 4 with coefficients
depending only on the a,,. The degree of b, is at most n — m, as is proved by
the following induction: for # = m + 1 the degree is 1. Suppose for n < %
the coefficient b, has degree at most # — m in A. In equation (8) every term
of the first sum on the right has degree at most (¢4 — 1) —m <k —mini
while the degree of any term of the second sum is (using (10))

Dsq+2r+:-+(k—1—mp
=p+m+l)g+m+2r+---+ (k— 1)
—p—mig+7+ -+
=m+k—p—mig+r+---+ v}

If¢g+4+7r+--++4+ v=1then p = m from (9) so that D < k — m, while if

g+7r+---+v=2then D is at most m + 2 — 2m = & — m. Thus the

right hand side of (8) has degree at most (¢ — m) and the same is true of &,.
We note some useful consequences of theorem 2 in

THEOREM 3. The series denoted in theorem 2 by f,(z) coincide with the natural
ilerates in the case when A is a positive integer. For any two values i and p one
has

(11) hofu=tiofa=fpa-

Proor: The natural iterate f,(z) defined by fo fo - - - o f with » factors is
a series of the form

z + na"+lz‘m+l + c e

which is permutable with f(z). By theorem 2 there is only one series with this
property, namely the series f,(z) with A = n. The two are identical.

Inthesaméway,sinceho/,,of =fofof,=friof,ofandf,0fyjof=
fofso/fr, while both £, o f, and f, o f, have the form

24 Ot W™ 4,

equation (11) follows.
Combining equation (11) with theorem 2 one sees that the f,(z) form a
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continuous group of formal power series, all of which are determined by any
one member other than fy(z) which is the ““identity”’ z. Thus each of the
coefficients b,(4) has the properties

(12) 5,(0)=0,5,(1) =a,, n=m+ 1.

We now turn to the case where by = 1 but b, 7 1. This arises only when
m > 1. We make a preliminary change of variables.

LemMMA 1. There is a formal power series

(13) w=P(z) =2+ 22> 4+ 328+ - - -

such that if f(z) is given by (5) with m > 1, then Pofo P_j = F(w) has
the form

(14) F(w) = w + Aw™ 4 Bw?m+1, 4 3£ 0.

Proor: If m > 1 we compare coefficients in Pof= F o P and try to
determine the 4, so as to give F the form (14). Coefficients of z* for £ = 1, 2,
- - - m yield nothing, while z™+! yields 4 = a,,,, and z™** for k= 2,---m
yields an equation of the form

m+1—Rka,q h=FE@Ry Ay, Gpui1, " " s Cppr)-

Thus A, is determined for & =2, ---m. Equating coefficients of z2m+1
gives an equation which does not involve 4,,,, but which determines B in
terms of the a’s and 4,, -+, 4,. 4,,, may be given an arbitrary value.
Equating coefficients of z™+* for & = m + 2, m 4 3, - - - yields an equation

(m+1—R)aphe=Elg, ..., 4y, B, Gpmyas - - 5 Bpuya)s
which determines all further 4.

THEOREM 4. For f(z) as in (5) theorem 1, there is to each value of b, which
satisfies b7 = 1 exactly ome formal power series

(15) - H(z) =3 bz

n=1
for which H,(z) =z while Hof = fo H. The series g(z) of the form (6)
which are permutable with f(z) are exactly the series H o f,, where f, has the
meaning described in theorem 2.

Proor: Let b, be any root of 4 = 1 and let P(z) be any power series
(13) satisfying the conditions of Lemma 1. If F = Pofo P_; and
g(z) = bz + . . .is permutable with f(z), thenG = Pogo P_; = bz + ...
is permutable with F. Since F(z) has the form (14) it is permutable with
the series b,z and its (m — 1)-thiterate 47"z, and hence with (67'z) o G=5;'G.
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Since 47!P o g o P_, commutes with F, it follows that £ = P_; 0 b]'Pog
oP_0P =P _,obi' Pog commutes with f. Now 2 =2z 4 ... and by
theorem 2 must be identical with one of the f,. Hence we have
g=P_o0bPof,=Hofywhere H=P_,0b, P.Clearly H,,=P_,0b]P=2.
AlsoHof=P_job; PofoP_joP = P_job,FoP=P_joFo(bz)oP=P_,
oF o P_job; P=foH.Itremainsto prove the uniqueness of H =8,z -}- . . ..
Suppose K = b,z + ... also commutes with f and satisfies K, = 2. Then
H o K_; commutes with f and has an expansion z 4 ..., so that it must
be identical with some f,. We shall prove in theorem 5 that H and K com-
mute so that

(HoK_))p=fuu= (HnoK_)=2z and A=0,

THEOREM 5. Any two series g(z) and h(z), each of the form (6) and permutable
with {(z) of the form (5), satisfy goh = hog.

Proor: If g and % both have the form f, the result follows from theorem 3.
If A = H(z) is of the form (15) and if g = f, then by the uniqueness result
of theorem 2 there is a u such that

(1e) HofyoH_; ={,.

If H and H_; have expansions
H=3b,2",
fm]
H_,=b"%+3>8,2",
n=

then the comparison of terms in z™+! in (16), using (7) and the fact that
H and H_, are formal inverses, gives

j'am+1 = :uam+1A

so that Hofy = /o H.

Further, if H, K are two solutions of H,, = K,, = z which are permutable
with f, then H o K = bz + - - - where ™ = 1. Thus (H o K),, = z 4+ higher
terms and is permutable with f so that from theorem 2 there is a 4 such that
(HoK),,=/f,. But then (KoH),,=Ko(HoK),oK_ =KofjoK_,
= f, since by the preceding part of the proof K is permutable with f,. Now
because its expansion has 1 for the coefficient of z, Ho K o H_; o K_; must
be f, for some «. Then (H o K),, = (f,0 Ko H),, = f,., © (K 0 H),, since f,
is permutable with both H and K. This means that A = ma + Asothata = 0,
f.=zand H o K = K o H. This is the result which was needed in the last
step of theorem 4, which is now completely proved. Using the result of
theorem 4 it now follows that in every case the statement of theorem 5 holds.
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It may be noted that the result of theorem 5 depends essentially on the
restriction to series having a common fixpoint (namely z = 0). It is not
always true, for example, that if the entire functions g(z), %#(z) are permutable
with the entire function f(z), then g(z) is permutable with %(z). A counter
example is provided by the functions

f(z) = 2z + sinz 4- sin(z + sin 2),

g(2) = —z —sinzg,

h(z) = 27 — z — sinz,
for which g,(z) = h,(2) = f(z). In fact-g(z) and A(z) have no common fix-
point and g(h) — A(g) = — 4n. The purely formal considerations of this
section therefore have consequences for such global problems as the set of
entire functions which commute with a given entire function F(z). As an
example we prove:

THEOREM 6. If F(z) is an entire function exactly one of whose fixpoints has
multiplier 1, then any two non-constant entive functions permutable with F(z)
are permutable with one another.

Proor: We may suppose the fixpoint in question to be z = 0 for if F(z)
has fixpoint ¢ with F'(c) = 1, then f(z) = F(z 4 ¢) — ¢ has fixpoint z = 0
with multiplier f'(0) = 1. Alsoif F(G(z)) = G(F(z)) andifg(z) = G(z+4c¢) —c¢,
then f(g(z)) = g(f(z)) and conversely.

If G(z) is any non-constant entire function satisfying F(G(z)) = G(F (z)),
it follows from F(0) = 0 that G(0) is a fixpoint of F(z). If one differentiates
the identity F(G(z)) = G(F(z)) and sets z = 0 one obtains F'(G(0))G’(0) =
G’'(0)F’(0) = G'(0), so that F'(G(0)) = 1 unless G'(0) = 0. Since G(z) is not
a constant there is a least value of m such that the derivative G (0) #~ 0
and m-fold differentiation of the above identity yields for z= 0 the equation

F'(G(0))G'™(0) = G™(0),

so that F'(G(0)) = 1 and F(G(0)) = G(0). By hypothesis the only fixpoint
of multiplier 1 of F(z) is z = 0, and hence G(0) = 0. The expansion of G (z)
in powers of z has no constant term and is therefore contained among the
formal series of the form (6) satisfying G o F = F o G. Since any two of
these series are formally permutable, any two representing entire functions
will be permutable as entire functions.

We shall return to such global applications after considering the conver-
gence of the formal series obtained in theorems 1 to 5.

3. Natural iteration near a fixpoint of multiplier 1

The results of this section are mainly due to Fatou [5] but are developed
in forms suitable to the applications made of them in § 4. It is convenient
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to put the fixpoint at infinity and to begin by treating a function defined
for all sufficiently large values of z by the convergent series

(17) F)=z4at ot otora>1La>0

The expansion in descending powers of 2 may contain fractional powers which
can be assumed to be made single valued by cutting the region of convergence
along the negative real axis. In fact we assume all the exponents of z in (17)
to be multiples of 1/n for some integer # > 1. Now to a given value § with
0 < 6§ < =/2 there is a positive constant K such that for |z] = K the series
(17) converges and

(18) |F(z) —z —a] < asinf for 2| = K.
We denote by € the curve formed by the circular arc

24
Ket, || <50,

Fig. 1.

together with the two infinite segments of the tangents at the extremities
of this arc which extend from the extremities to infinity in the left half plane.
The region ® = P(0, K) is defined to be the region bounded on the left by €.

LeMma 2. If F(z) has the form (17), 0 satisfies 0 < 6 < =2 and D =
D (0, K) is defined as above, then for all sufficiently large K

(19) Foe)eD,n=12""
and
(20) ReF,(z) > as #n—> o

for all z in the closure D of .

ProorF: From (18) follows (19) in the case » = 1 and by inductive itera-
tion of this result the other cases also follow. From (18):
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Re{F(z) — 2z} > a(l —sinf) for zeD
and since F,,(2) e ® for m =1, 2, - - - one has
Re{Fp.1(2) — Fnu(?)} > a(1 —sinf) for z¢D,m=0,1,-+-,n — 1.
Adding these inequalities one obtains
(21) Re{F,(z) —z} >n(l —sinb) for zeD,n=1,2 -+

from which (20) follows.
By a straightforward calculation Fatou [5] shows that if D = D (9, K)
is a region satisfying lemma 2, then the limit

(22) Az) = }.i.{nw{Fn(z) — na —%log n}

exists uniformly for z e . The function 4 (z) is regular in 9. If K is suffi-
ciently large F(z) is schlicht in D and so consequently are all F,(z), » = 1,
2, - - - It follows that A4 (z) is either schlicht in D or a constant, but from (22)
and (17) one sees that A4(z) satisfies

(23) A(F(z)) =A@+ 4,2¢D
and is not a constant but a schlicht function.

LemMA 3. If F(z) has the form (17) and 0 satisfies 0 < 0 < 72, then for
all sufficiently large K the domain D = D(0, K) satisfying lemma 2 has the
further property that the function A (z) satisfying (22) and (23) is schlicht in D
and A'(z) > 1 uniformly as z — oo in D.

Proor: We have only to prove that 4'(z) — 1 as z - o0 in D. One may
assume K to be so large that for all z¢ D

B
f21#

where B > 0is a suitable contant; and K can bz enlarged further if neces-
sary so that B << K2 Then
B

<1 .
(25) |z|2< for z¢D

B
(24) - < IFEI<1+

Now

Fue) =T1 F(F,0)

and if z=12,¢D, then for § = 1,2,--+ we have z, = F,(z) ¢ D and
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n-1 n—1

(26) I (—Blsi) < |Fa@] < IT (U + Bz,
But from (22) A4'(z) = lim,,_,, F,(z) and hence
(27) ,i:i (1 — Blz|?) < |4'()| < ﬁ (1 + Blz,|).

Enlarging K still further will not alter the validity of the above arguments
for ze (0, K) = D and we suppose K so large that for |z| > K and in
particular for z¢® one has

(28) |F(2) — z — a| < asin /2.
For any z, € ® the points z, = F,(z,) lie in an angle
(29) larg(z — zy)| < 6/2

whose vertex is at z, and whose bisector extends in the direction of the
positive real axis. Thus if

(30) jarg 2| < (= — 0)/2, €D,
then

(31) 20] <ol <0 <zl <ltpial <
If on the other hand

(32) larg zy| > (7w — 0)/2, 2, € D,

then the radius vector from 0 to z, makes with the nearer arm of the angle
(29) an angle y lying between 6/2 and #/2. Since all z, lie in the angle (29)
and the nearest point of (29) to 0 has modulus |z,| sin y it follows that in
this case (32) one has

(33) l2al Z I2] sin y > |z] sin 6/2

Thus for any z, € ® we have either (30) or (32) and hence either (31) or (33)
so that in any case

(3¢4) |2l > [2| sin 0/2 = |z5]¢ for mn=1,2,---
where ¢ = sin §/2. From (21) with s = 1 — sin § one has
(35) |Fa(zo)| 2Re Fyu(z0) > ns — [zo] for n > |z]/s.

For n > [2|z)|/s] + 1 = N, where the square bracket means ‘“‘integral part
of 2|z,|/s”’, one has |zy| < s#/2 and from (35) follows

(36) |F,(z)] >mns/2 for » >N and 2z €D,
Using (34) and (36) for z5¢ D one has
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oo N-1 ]
Q=2 lz2=3+3
n=0 0 N
N ® 4
<Pt T ¥ e
‘N 4
S Bk T A1)
2 1 4

Szl T Pl (2l —5)s

Thus the series Q converges for #, e ® and Q — 0 uniformly as z - o0 in D
so that the infinite products in (27) converge. Since the left hand product
of (27) is greater than 1 — BQ while the right hand one is less than exp(BQ)
the lemma is established.

4. Transformation of the permutable series

A change of variables is now made to replace the series of a family (7)
by series (46) of the form (17). In the commuting family

(7) /A(z) =z=+ )'am+lzm+1 + z bn(}‘)zn
n=m+2
put
(37) w=Pz) =2+ %Anz",
n=2

z=P_(w)=w+ Y A4,2",
n=2

where the 4, are so chosen that

PofyoP_i(w) = Q,(w)
has the form
(38) O(w) =w + a, o™ + 22+an10”.

The possibility of so doing has been shown by Fatou [5, §§ 11, 12]. For
m = 1 the transformation reduces to w = z. If for each value of 1 one sets

(39) Qr(@) = Pofro P, (w),
then the @, form a family of mutually permutable series whose expansions
begin

Qr®) = 0 + gy 0™ 4 -

https://doi.org/10.1017/51446788700026884 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700026884

276 I. N. Baker (123

By direct calculation in Q, o Q) = Q, o Q, one finds that all Q, have the
form

(40) O\(®) = w + Aapqw™ £ 3 B, (o

nm=2m+1

By moving the fixpoint w = 0 to infinity and rotating axes:
(41) w = e~v71, R,(v) = e~"7 Q3 (¢ **v71), y constant,

where Q3! is the reciprocal of Q,, we obtain

(42) Ry@®) = v — Ay, exp(—iym)o=m + 3 ¢, (D)o

ne=2m

We choose the constant y in such a way that

(43) @ = — Gy exp(—iym) > 0

and (42) becomes

(44) Ry (v) = v + Aav'™™ + E Cp(Ayorm,
n=2m

Finally we set
(45) v =", Fy(t) = {Ra(0™)}™,

and obtain an expression
(46) F,(t) =t + Aam + 3> D, (A)t-tm+n)m
Ne=0

in which the D, (1) are uniquely determined by the formal transformations
(37)— (45). Moreover, if for a value A the series f, of (7) has a positive radius
of convergence then there is a K > 0 such that for any choice of £/ in (46)
the series F, converges for |¢| = K, and conversely. We introduce the notation:
! = R(f1) s the set of values A for which the series fy of the family (7) or
equivalently F, of (46) have positive radius of convergence.

Further, the notation

(47) T, = ,}Im =gm =12, m
is introduced for that branch of the function Y/ for which
(48) (2 — B)nfm < arg T; < (2 — 1)n[m.

For A8, 1 <7 =< m the substitution of (47) in (46) gives a function

(49) Fi@t)=t+ dam + 3 D,T;t™m
=0
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regular and single valued in neighbourhood of = oo cut along the negative
real axis.

For 0 < 60 < =/2 and all sufficiently large K the domain ©(0, K) in the
¢t-plane is mapped by the composition of the transformations (37), (41),
(45)— (47) one to one and conformally on to a domain @&(7, 8, K) of the z-
plane bounded by a simple closed curve analytic except at z = 0 where two
boundary arcs meet in the directions

(50) {argz = —y+0/m— (2 — )z/m,
argz = —y — O/m — (2f — 3)n/m.
For K > L one has (6, K) CD(0, L) and hence
®(;,6,K)C@(,0,L).

By taking K sufficiently large one may make @& (7, 8, K) interior to any given
circle 2| < p, p > 0. For large K the m domains (7, 6, K) exist and are
ranged about z = 0 in a star &(f, K):

(81) G0,K) = G &(, 0, K).

J=1
Figure 2 illustrates &(8, K) in the case m = 3,y = 0

LEMMA 4. If f, and F}, 1 < j < m, are members of the families (7) and
(49) respectively, if A e R and 0 < 0 < n/2, then for all sufficiently large K

one has

(62) Fi{D(6, K + 2|Alam)} C D(9, K),
while if 1> 0

(53) Fi{®0,K)}CD0, K).

7t+6,

~(z-0)

—(7+0)
3
Fig. 2.
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Further the functions f)(z) and Fi(t) represent the same transformation in z°
and t coordinates respectively so that

(64) {®(, 0, K 4 2|Alam)} C &(j, 0, K)
and
(55) H1{&(0, K + 2[iam)} CS(6, K)

hold for all sufficiently large K, while if 2 > 0:
H{G(6, K)} CB(6, K).

Proor: Equations (52) and (43) follow from the form of (49) and the fact
that @ > 0. We now show the equivalence of the functions Fj(¢) and f,(z)
for 1 € ®. The functions T,() = U™ of (47) and R,(v) = R,(T,(¢)) of (44)
are regular for ¢ e D(0, K) = D if K is large enough. Also ¢, = F}(¢) in (49)
is regular for ¢ in ® = D} (0, K) D D48, K + 2|Ajam) = D,, and for te D,
we have £, ¢ D by (52). We also suppose K to be so large that the series of
transformations (37), (41), (45), (47) map D one to one and conformally on
to B{j, 0, K) as explained immediately after equation (49). If the successive
images of ¢ and #, under these transformations are v and v,, w and w,,
z and z, respectively, we have to show that for £ € D, and £, = F}(¢) one has

z = fi(z).
This done, (564) and (55) follow at once from (52). Now
n = ()i = T,(t) = T,(Fi(t)

is regular for ¢ € D, since 4, € D and D does not contain the origin. But from
(45) follows

o =t = {Ra(T,())}™
whence
(56) v, = NRy\(v) = nRy(T,(?))

where y™ = 1. Since both sides of (56) are regular for ¢ ¢ D, the same value
of » must be valid for all £ ¢ D,. But as ¢ — oo along the positive real axis it
follows from (49) and (47) that

arg v, = arg T,(¢) ~ arg T(¢),
while from (44)
arg Ry(v) = arg Ry (T, () ~ arg T(0).

Hence n = 1. Thus v; = R;(v) and since the remaining transformations
(37) and (41) are one to one in the regions under discussion, it follows that

2 = fa(z).
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A consequence of Lemma 4 is that F?, (¢) is indeed the n-th iterate of F} (¢)
and Fj(t) commutes with Fj(¢) in suitable regions of the form (9, K).
We note the following

LeMMA 5. With the assumptions of lemma 4, if A e R and 1 e &, then for all
sufficiently large K one has for all t € D(0, K + 2|A|am)
(87) Fi(Fi(t)) = Fi(Fi() eD(0,K),n=10,1,2,---

ProoF: For # = 0 the result is included in lemma 4, since Fi(f) = ¢.

We suppose the result holds for 0, 1, - - -, » — 1. We also suppose K so large
that for all L > K equation (53) holds with 4 = 1:

Fi(DO, L)) e DO, L).

Then fort e (0, K + 2|Ajam), F(t) e D(0, K + 2|1|am) and by the induction
hypothesis

Fy(Faa(F1()) = Fia(FA(F (1)) = Fiy(F(FL(T))) = Fi(Fi(2))

5. Normality of the family f,

THEOREM 7. Let
() faz) = 2448, 32" + 3 @,2" @y #0m 2 1,

n=m--1
be a commuting family of formal power series as in theorems 1 and 2. For
P > 0 let R, be the class of complex A with |A| < P for which [, (z) has positive
radius of convergence. Then there exist constants p > 0 and M > O such that

(1) fa(z) converges in |z) < p for all LeQR,
and
(ii) faz)] < M uniformly for all |z| < p and all 2 ¢R,.

Proor: If &, contains only 4 = 0 there is nothing to prove. In the other
cases there is no loss in generality if we assume 4 = 1 to be contained in &,
for there is certainly a u # 0, u € &, and the substitutions 2 = ul’, f,(2) =
£:1(2), f1(2) = ga,(2) reduce the general case to the special one (with a different
value of ).

We assume then that p > 1 and that 4 = 1is contained in &,. We choose
a fixed integer j satisfying 1 <j < m and set

(58) F(t) = Fift) = t + ma+ 3 D, ()T ,(t) "+

for that function (49) for which 4 = 1. F(¢) is simply the function f,(z)
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represented in a different system of variables. Since ma > 0 by (43), the
series (58) is of the form (17) and lemma 3 applies. Thus if 8 is a fixed number
satisfying 0 < 6 < #/2, the domain D = D(6, K) described in § 3 will for
all sufficiently large K be a domain of existence and univalence of F(¢) and
of the function 4 (¢) (defined by (22) with z replaced by ). Since 4’ (¢) - 1
as ¢ — oo in D one may take K so large that for all # ¢ D one has

(69) larg A’ (2)] < 6/2, |4 (¢)] > $ > 0.

These conditions ensure that s = 4 (f) maps D one to one and conformalyl
on to a region B of the s-plane with the property: % is the region lying to the
right of a simple analytic curve & which is cut just once by every parallel
to the real axis and whose limiting slope at infinity is — tan 6 in the upper
half-plane and -+ tan 6 in the lower half-plane (c.f. Fig. 3). By (69) the

& PLANE
REAL AXIS

Fig. 3.

slope of & has a numerical value greater than 6/2.

We denote by B, the region formed by displacing 8 an amount  dm,
where & = a/(sin 6/2), in the direction of the positive real axis. The distance
of a point of B, from & is at least pam.

We now suppose 4 to be any fixed value in &,. By lemma 5 there is an L
greater than the K used above in the definition of (6, K) and B, such that
for t e D(0, L 4+ 2|A|am) one has

(60)  F,(Fi(t)) = Fi(F,(t) e D06, L)CDO,K),n=10,1,2,---
Now by (22)

(22" A(t) = lim {F,,(t) — nam — I—D—Oagﬂlog n}, te DO, K).

For t e D(0, L 4 2|Ajam) one has Fj(t) in D(6, K) by (60) and from (60),
(22’) one has
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A(Fi(?)) = lim {F,,(Ffl(t)) — nam — D—‘;(l—) log n}
=3L12 {Fﬁ(F,,(t)) — nam — D‘;(l) log n:,

whence by (49)
(61) A(Fi(2) = A(t) + Aam.

Since the functions in (61) are regular the equation not only holds in
D6, L + 2|A|am) but can be used in the form

(62) Fi(6) = A_{A(2) + dam}

to give a regular continuation of F4(¢) throughout the simply connected
domain A_;(%,;) of the ¢-plane.

We show that 4_;(B,) D D(0, K + 2pdm). Let ¢, be a finite point on the
boundary of A_,(8B,;) and let s; = A (4,) so that s, is on the boundary of %, .
Put s, = s, — pdm (on the boundary of B) and #, = A_,(s,). The segment
I': s;s, of length pam joins the boundaries of B and B, and its image 4_, (I
joins the boundaries of ®(0, K) = A_;(B) and A_;(B;). From (59) thelength
of A_,(I") is less than twice the length of I" and so is less than 2 pdm. Our
assertion follows.

Certainly then Fj(¢) is regular in ®(6, K + 2pam) and

FAD0,K + 2 pam)} CDO, K) = D.

Our K can be assumed to have been chosen so large that the succession of
transformations (37), (41), (45), (47) maps (0, K) and D(0, K + 2pdm) one
to one and conformally on to the domains &(7, 0, K) and & (7, 6, K42 pam)
respectively, defined after (50). Since by lemma 4 the functions Fj(¢)
and f,(z) correspond under these transformations we have proved that f,(2)
is regular in G(j, 6, K + 2pdm) and that

(63) H{®(, 6, K + 2pam)} C 8(j, 0, K).

Such a result holds for any 1 < § < m so that we may choose K so large that
(63) holds simultaneously for § =1, 2, - - - m. Then if &(6, K) is the star
(61) we have f,(z) regular in &(0, K + 2pam) and

(64) H{B(8, K + 2pam)} C&(6, K).

The choice of K depends in no way on the particular value of 4 chosen and
these results hold uniformly for all 1€ &,.
We now remark that since 4 = 11is in &, so also is A = — 1. Replacing

f(z) by
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) =1fa() =2 — @ppyz™ 4 =2 F G g™ 4

in the above discussion and noting that g, = f_, so that the class &, is the
same for both f and g one sees that the only change is in the parameter y of
(41), (43), (50), which must now have such a value y’ that

(43) — Glp42 €XP(— Ip'M) = Gy eXP(— imy’) > O
instead of
(43) — 8,41 €Xp(— imy) > 0.

It is legitimate to choose
¥ =y 4+ n/m.

The result (64) becomes in this case: There is a K > 0 such that for any
A €« &, the function g, (z) or fy(z) (since 4 € &, implies — 4 € &,) is regular in
the star &'(6, K + 2pam) and

(85) h{® (6, K + 2pam)} C&' (8, K).

In this result the star &'(0, K) is U7 @&'(j, 0, K) precisely as in (50), (51).
Each domain ®’(j, 0, K) is a domain bounded by a simple closed curve
analytic except at z = 0 where two arcs meet in the directions

arg z = 6 2'”

) 4 '—_?"*‘;— 7;',
(60") P ”
= —y——— (2] — 2)—.
argz = —y——— (4 — 2)

In fact €' (6, K) has the appearance of &(0, K) rotated through an angle of
— ntfm.

Fig. 4.
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We choose a K valid both for (64) and (65). Since 0 <0 < =/2, the set
G0, K + 2pam) v €' (0, K + 2pam) U {z|z = 0}

includes a circle |z] < p of positive radius. For every 1¢8, fhe function
/a(z) is regular in this circle and for |z] =< p one has by (64), (65)

f(z) e©(8, K) U &' (6, K) U {z]z = 0},

which is a bounded set. The theorem is proved. The case m = 2, 0 = n/4,
y = 0 is illustrated in Fig. 4. The boundary of &'(6, K) is dotted.

6. Convergence of the family f,

If & is the set of 4 values corresponding to convergent members f, of the
family (7), our task is to describe the possible forms of & Obviously &
satisfies the lattice condition that it 4 ¢ & and u € &, then mA 4 nu € & for all
positive or negative integers m and .

LeMMA 6. The set & defined above is closed if A = oo be adjoined to it.

Proor: Consider any sequence {1,}, 4, € &, #» = 1, 2, - - - which converges
to a finite value x. All the 4, satisfy

Al = 8,2, e R,

for some p and by theorem 7 there is a circle [z| < p in which {f, } form a
uniformly bounded or normal family. We can therefore extract from {f, }
a subsequence, which we may as well assume to be {f,\”} itself, and which
converges uniformly to a limit g(z) in |2| =< p. g(z) is either the infinite con-
stant or a regular function. But since f; (0) = 0 it follows that g(0) = 0
and in the same way

8(z) = 2+ pap 2" + -0 = [,(2),

since one has coefficientwise convergence also and the coefficients of f,(z)
are polynomials in A. Thus the function f,(z) is convergent in |z] < p and
pef.

From the lattice property of ® one sees that either every value of f is a
point of accumulation of & or no finite point of & is a point of accumulation.
From this remark and lemma 6 follows

LeMMA 7. If & is any line through the origin of the complex A-plane then
R N Qis either (i) the set {A = 0}, (ii) the set & or (iii) a set of the form {ni,},
n=0, %1, 42, - where Ay vs one of the two values of least nonzero modulus
in 8nL
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THEOREM 8. If the set & corresponding to the comvergent members of a
family (7) contains a whole line & which passes through the origin, then ® is
the whole A-plane.

In the proof of theorem 8 we use the following lemma.

LeEMMA 8. If for the segment z = ze'®, — 1 < x < 1, the polynomial P, (z)
of degree n satisfies
|1Pa(2)] < M,

then for all complex z such that |z| << 1 holds, one has
|Pa(2)l < M(v2 + 1)

Proor: It suffices to take the case 6 = 0. Then z = }(¢ + ¢#~1) maps the
circumference of the unit ¢-circle on to — 1 < # < 1 in the z-plane. Thus

(66) t"P 3t + 1)} <M for [f|=1.
Every non-real point z in |z| < 1 has exactly one image point in || < 1 and
this image point ¢ has
¢l > +/2 — 1.
Thus for all zin |z| = 1 one has from (66) and the assumptions of the lemma:
|Pa(2)] < M(v/2 + 1)™
Proor oF THEOREM 8.

Take p = 1. By theorem 7 there is a circle |z] < p in which all f,(z) with
4 ¢ ®, are uniformly bounded by (say) M > 0. In particular this is the case
for all A2 N &,. Hence the coefficients 4,(4) in (7) satisfy

16, (A)] < Mp™ for 2e&n®,,n=23,---
By lemma 8 it follows that
0,(A) < Mp™(v/2+ 1) forall P =p=1Ln=23- "

Hence (7) converges for |z| < p/(4/2+ 1) for all |4] < p and &, is the whole
circle |A| < p, so that & is the whole plane.
A strengthening of theorem 8 is provided by

THEOREM 9: The set & of theorem 8 has no finite points of accumulation
unless it consists of the whole plane.

Proor. Take the case when & is not the whole plane. We have to show
there is no finite point of accumulation in &. By the lattice property of & it is
enough to show that 4 = 0 is not a point of accumulation. Suppose A = 0
is a point of accumulation. By theorem 8 any line £ passing through 2 = 0
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will not belong wholly to & and by lemma 7 there is a minimal [1(g)| for
which A(8) e & n &, [A(8)| > 0. This value may be infinite. By our assump-
tion that 0 is a point of accumulation of & it follows that there is a sequence
of lines &(n), » = 1, 2, - - - for which 4(2(n)) — 0. We may without loss of
generality assume that the lines £(»n) tend to a limit line :!. For any point
2; e R and ¢ > 0 we may find a line &(n) of the sequence such that (&) the
perpendicular distance from 4, to 8(») is less than &/2 and (b) JA(8(n))| <e/2.
It follows that there is a member of & (on £(»n)) closer to 4, than e. Thus 4,
is in the closed set & and since it is an arbitrary pointof ®,the whole line N is
contained in &. By theorem 8 & must be the whole plane. This contradiction
shows that 4 = 0 is not a point of accumulation and the theorem is proved.

THEOREM 10. If & s the set of A corresponding to the convergent members
of the family (7) it has ome of the forms
(i) the point A =0,
(i) {ndo}, n =0, +1, 42, -+ with 4y % 0, a linear set,
(i) {miy + nd}, m =0, £ 1, -+, n=0, £ 1, -+, XfA; not real,
Ao # 014, # 0, a plane lattice, or
(iv) the whole plane.

Proor: If (iv) does not apply the set & is descrete. If ® contains points
other than 4 = 0 we take a finite circle |A]| = M containing such points.
|A] < M contains at most a finite number of members of & and we choose 4,
to be one of these with minimal modulus (excluding 2 = 0). Then all points
nig,m=0,4+ 1,4 2,--- lie in & and if there are no others we have the
case (ii). Certainly these are the only members of & which lie on the line &:
arg A = arg 4,. If ® contains further members take that one of smallest
modulus which is first encountered on anticlockwise rotation of & and call it
A,. Clearly 444, is not real, 4, # 0, 4; # 0, and by a standard argument & is
exhausted by mi, +#d;,m=0,+1,+2,---n=0, 4+ 1, &+ 2,---
Every such point is a point of & and this is case (iv).

THEOREM 11. Cases (i), (ii) and (iv) of theorem 10 are realised.

We have not been able to find an example of case (iii).

ProorF. (i). The sequences {a,} and {M,}, » = 2, 3, - - - are constructed
inductively as follows: @y =M, =1. If a,,-+,a, and M,,---M, are
already constructed set

gn,z) =z+ a2+ -+ +a,z"
and let gy(», 2) be that series of the form

(67)  gx(n,2) =z + Aa,2® + i: Cm(A)2™ + b, (2)2"+! + higher terms,
m=3

https://doi.org/10.1017/51446788700026884 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700026884

286 I. N. Baker. [22)

which commutes formally with g(n, z). Choose

(68) Mn+1 = Ma.X{M,” Max lbn+1(")|}
Alsn
Then M, ., = M,. Choose also
(69) By = M,y (n + 1)™
Then the series
(-
(70) h) =z+ X a,2"
Nua

provides an example of case (1). In proof of this assertion: if
(71) hz) =z 4 2a,22 + X A,()7"
3

is the commuting family of the form (7) containing (70), then calculation
shows that

An+1(}') = Mn+1 + bn+1()‘)'

For fixed A = 0 we have for sufficiently large »

Apia(4) — Apiy + bpa(2) > AM, (0 + 1) — M,
A.(4) Aa, -+ b,(4) AM "+ M,
Al + 1) 1
An® + 1

by (69) and (68). This ratio tends to oo as # — oo so that the series (71)
diverges for every 4 5% 0. For A = 0 the series becomes identically f,(z) = 2.
Case (ii). In this part we consider the example provided by

hiz) =€ —1=2432+---
and the family (7):
(72) fe) =z 4 a2 4 - -

generated by it. In [1, p. 160] it was shown that the only real valuesin & are
the integers. We show now that (72) cannot have a positive radius of conver-
gence for any non-real 4. Suppose 4 is not real and that (72) converges in a
circle [z] < p, p > 0. In [1, p. 147 Satz 8] it was shown that the only non-
constant entire functions which commute with f, (2) = ¢* — 1 are the natural
iteratesf,(z), n = 0, 1, 2, - - - Thus £, (z) is not entire and p << 0. The process
used in [1, pp. 161—2, Satz 17 parts (i), (ii) and (iii)] shows that f,(z)
has no singularity in the plane cut along the infinite segment
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— o < Rez =< — p. There must be at least one singularity of /,(z) on the
circumference |z| = p and this must occur at z = — p.

If on — p < 2z < 0 the function f,(z) takes any real value, say if f,(z,)
is real for —p <2z, <0, it follows from 0> f,(z) > x, # < 0, that
(k@) = f1(fr(=)) holds on [z,, 0]. Then fi(f,(z,)) = fl(fl(xll)) is a real
quantity. Thus if 2, = f(2,) we have 0 > z, > 2, and f,(x,) real. Defining
z, = f(x,—,) forn = 2,3, - - - we have 0 > z, > =,_, and f,(z,) real. There
is a number / such that z, -/ < 0 as # — o0 and one must have f,(!) = I
so that / = 0. But since

2
h) == +i:—+ +++, Anot real,

it is impossible that f,(z,) be real for z, — 0. Consequently f, (z) takes no real
value in (— p, 0).

Since for 2 < 0 one has f,(z) > =, it is possible to choose p, > p such that
fi(— p1) > — p. Then f,(f,(z) is regular for —p, < < 0 and takes no real
values there. Therefore f_;(f,(f;(%))) is regular on —p; < z < 0 and gives

a continuation of f, (x) there, which is regular over z = — p. This contradicts
the fact that z = — p is a singularity of f,(z), so that the assumption p > 0
is false.
Casg (iv). This is realised by the family
Al) = —— = 3 drgne
M1 &

which forms a continuous group of substitutions.

7. Existence of an infinitesimal transformation

In case (iv) of theorems 10 and 11 one has a local continuous group of
functions f,(z) with complex parameter 4 and

IW(fa@) = freu(a)-

The individual transformations have expansions of the form (7). If we restrict
A to |A] £ 1, there is a § > 0 such that all these f,(z) converge in |z| <6,
where they also satisfy |f(z)] << M for a suitable constant M. The coefficients
in (7) satisfy

[b,(A)] < Ms™ for |A] < 1.

Now for » = m + 1 we have shown in theorem 2 that &,(4) is polynomial
degree at most (# — m). From (12) 5,(0) = 0. By the lemma of Schwarz
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\b"z(}') l < Mé" for |AS1
and.
6,(0)] < Mé—™.
Also
5,0 .,
2 =8 0)

is a polynomial in A whose constant term vanishes.
[pa()] < 1. ()] + [8,(0)] < 2M6™ for |3 =1,

and since $,(0) = 0 one has

(73) (0] < 2Mo"ia| for A S 1.
The series
(74) I(2) = pyyz™t 4+ 3 B,(0)2
ne=m+-2

converges for |z] < 8, where moreover

IG) — (f‘—(%—‘—z) - ”éﬂﬁn(ﬂ)f
d .o 1Al .2M|z|"‘+’
<Al 3 2Mlo = oo T

from (73). Thus
(75) I(5) =timPE =2
A0

A

holds for |z| < 8 and I(z) is the infinitesimal transformation of the group (7).
The function f,(z) may be substituted in place of zin (75), provided we make
é smaller, and (75) becomes

of u(z
(76) I(fu(2) = _%/(4_)
The existence of the derivative (76) shows that in a region of the form
|2l <8, |ul < p the function f,(z) is analytic in both x4 and z. Taking a
fixed z # 0 in |2| < & and letting x grow from 0 to A along the path u = 4,
0 =<¢=1 we find that f,(z) traces a curve I' in |z| < J. If 4 and 4 are
sufficiently small this curve I' is simple and does not enclose the origin.
Integrating (76) along this curve
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p=2 d/,, _
w=0 L (f4)
with the boundary conditions f,(z) = z when x = 0 and f)(z) when px = 4
we obtain
(77) 4;(fa(z) = A1(2) + 4
where
* dz ' .
A4,(2) =f —— has an expansion of the form
I(z)
~1 od
(78) A,(2) = 3 c,z" +cologz 4+ X c 2",
Nam—m n=1

Such a formula (77) is of the same type as (23) and (61). A function 4,(2)
satisfying (77) is called an Abel function and the equation itself Abel’s
functionalequation. We see that thereis an Abel function intimately connect-
ed with the infinitesimal transformation I(z) of the group (7) and that this
functional equation-can be used to define f,(z) at least in partial neighbour-
hoods of z = 0. On the other hand the logarithmic term in (78) will in general
be present and the Abel function will not be single valued around z = 0.
In general then one can not expect to study the continuous iteration near
a fixpoint of multiplier 1 by finding an Abel function regular up to poles
at z = 0. A case where the function 4, (2) is, however, single valued at z = 0
is provided by the family

f1(z) =1——}.z

for which I(z) =22 and A4,(z) = — z7.

One may remark that from an Abel function of the form (78) or aninfinites-
simal transformation (74) one can construct a group (7). If for example the
convergent series (74) is given, one has only to solve the equation (76),
that is the differential equation

dw
(79) P I(w)
with boundary condition w = z at u = 0. The solution w(g, z) is analytic
in both x and z in a neighbourhood of x = 0, z = 0 (e.g. Bieberbach [3]).
The function w(u, z) has an expansion in terms of z of the form

0(h,2) = 2 + Pl 2™ 4 -

7 = w{p, w, 2)}
x2=wip + 2,2}

We put
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Then 9y,/0u = I(x,) and 9y,/ou = I(x,). These are simply equation (79)
and are to be integrated with the boundary condition y, = y, = w(4, 2)
when u = 0. Thus g, = g, and the functions w(g, 2) form a commuting
group of series (7) whose infinitesimal transformation is I(z).

In the cases (i), (ii) and (iii) where the family (7) does not converge for
all 4, one may form the series (74) corresponding to I (z) but the work of the
preceding part of this paragraph shows that the series will not converge.
For convergent series I(z) correspond to case (iv) only. In the cases (ii)
and (iii) it may be shown by further analysis that there is indeed a family of
continuous iterates f, (Ez) satisfying fi(f,) = f.(fa) but most of these have a
singularity at the origin. G. Szekeres [15] has investigated such situations.

8. Some applications to permutable entire functions

In § 2, theorem 6, a simple application of theorems 1—5 was made to the
theory of entire functions. In the second example of theorem 11 the entire
function ¢* — 1 occurred. It is natural then to investigate the case when
certain members of a commuting family (7) are entire functions. We prove
first the following

THEOREM 12. If {f,(2)} is a commuting family (7), then the numbers A such
that [)(z) is entire form a discrete and hence countable set.

LEMMA 9. If the series
hiz) =z + pa2™t + 3 a,2"
Remm+-2

has a positive radius of convergence, then for given 0 with 0 < 0 < =/2 and all
sufficiently large K there is a star &(0, K) of the form (51) such that

(80) h{€, K)} C&(6, K),

(81) fa(2) > 0 in &(0, K) for all ze S8, K).

Further there is a star &' (0, K) of the form (50°), (61) (cf. proof of theorem 7)
such that

(82) [4{&'(6.K)} C&'(0, K),

(83) f-a(z) >0 in &' (0,K) for all ze&'(6, K).

Proor: This follows immediately from the last part of lemma 4 with
A =1 together with the fact that, in the notation of lemma 4:

Fi(z) >0 as n->o for any zeD(6,K) by (21).
We remark that since K may be taken arbitrarily large, the regions & (9, K)
and €’ (6, K) may be assumed interior to any given circle centred at z = 0.
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ProoF oF THEOREM 12. There is nothing to prove except when case (iv)
of theorem 10 applies — and when for some 1 = 0 the function f, (z) of (7) is
entire. There is no loss of generality in assuming that for 4 = 1 the function
f1(2) is entire. Applying lemma 9 to f,(z) we form & = &(4, K) and & =
©&'(#, K) and note that & u & may be supposed interior to a given circle
|z| < ¢, ¢ > 0. According to theorem 7 thereis to any p > 1a constantp > 0
and a constant M > 0 such that for all |1] < p the series f,(z) converges in
|2l = p and |fa(z)] = M for [z| = p. Then

()] = 1‘% for || <p.
Choose the above ¢ so that 0 < ¢ < p and so that for |2|] < ¢ and |A] < 9,
the value £, (z) is contained in a region where f(z) is univalent. This is possible
because |f,(z)] < Mi¢/p.

Now, as was pointed out in the poof of theorem 7 (cf. Fig. 4), the domain
& U @’ contains a circle |z] < g, 0 > 0. Since f,(z) = 2z 4 a,, 2™ + - -~
holds, the sequence {f,(z)} is not normal near z = 0. From Fatou [6], [5],
2 =0 is a point of accumulation of fixpoints of iterates f,(z). Thus there
exist a point & 3= 0 and an integer N > 1 such that

(84) lfl <o, EcBUE, fn(f)=¢& [f(§)#¢ for j<N.

Now for # =1,2,--- one has f,(§) = f;(¢) where 1 <j <N and j==n
(modulo N). Moreover f,(£) # f;(&) for 1 < ¢ < k& < N. Thus the sequence
{f.(£)} does not converge to 0. By (80) and (81) &£ ¢ ©. Thus by (84) £ &'.

Suppose that there is an infinity of values 4 in [1] = p for which £, (z) is
entire. These values have a point of accumulation g, |u| < $. There is a
sequence of values A,,# = 1, 2, : - - in which 4, s 4, for m # #, such that
A —> pand fy (€) — f,(é) as » — co. The values f, (£) are fixpoints of fx(z)
and thus members of a discrete set. Hence from a certain # onwards all
f,(§) are the same. Thusif « = 4, and # = 4,,, # a are suitable members of
the sequence we have f,(¢) = f4(¢).

Define inductively &, = ¢, £,,, = f_,(£,) where f_; may be taken to be
the series expansion f_,(z) =2z — 4,,,12™ + ---and by lemma 9 the
uniquely defined points &, lie in & for n =1,2,3,--- As n > o0 we
have &, — 0. We assert that £ (£,) = f4(£,) for all #. This is certainly true
for » = 1. Suppose the result holds for n =1,2,---,m — 1. Then

fl{fa(gm)} = fa{f(ém)} = fa(sm—l) = fﬂ(ém-l) = fl{fﬂ(fm)}

But £,(£,) and f4(£,,) lie in a region where f(z) is univalent and so must be
cqual. Our assertion is proved by inductiun.

Since f,(£,) = f5(&,) and &, > 0 as # — oo it follows that f,(z) = f,(2)
which can only be true if 4, = « = f = 4,,,. This is a contradiction and it
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follows that our hypothesis of an infinite set of 1 with |A] < $ and f, entire
must be false. Since this applies for every $ > 1 the proof of theorem 12 is
complete.

We have also shown that the entire members of a family (7) form at most
a countable set. This set always contains the linear polynomial f,(z) = z and
no other linear polynomial. There may be also a polynomial of degree two
or more among the functions f,(z) and in this case the family can include
no transcendantal entire function. Conversely if there is a transcendental
member of the family (7) then the only polynomial member is f,(z) = z.
These assertions follow from a result of Baker [1, p. 141] and Ganapathy
Iyer [8]: no entire transcendental function can commute with a polynomial
of degree two or more.

We now combine theorems 6 and 12 to obtain

THEOREM 13. If F(z) is a non-linear entire function exactly one of whose
fixpoints has multiplier 1, then the entive functions permutable with F(z)
form a countable set.

PrOOF: As in theorem 6 we may assume the fixpoint to be z = 0 so that
F(z) has an expansion

oo
F(Z) =2z = am+1zm+1 + Z anzn: m 2 1’ am+1 # O'
N=m-2

The constant functions permutable with F(z) are the solutions ¢ of F(c) = ¢
which form at most a countable set. The non-constant functions permutable
with F(z) are either members of the family (7): F,(z) of theorem 2 or by
theorem 4 they have the form H o F,(z) where H,,(z) = 2. The entire func-
tions of the form F,(z) form at most a countable set. If H o F,(z) is entire
then so is its m-th interate F,, (z) which is in (7). Thus the entire functions
of this second kind are also at most countable and the theorem is proved.
One may ask whether the set of entire functions permutable with a given
entire function is countable under more general hypotheses then those of
theorem 13. This is indeed so but other methods of proof are required.
Finally we prove

THEOREM 14. If the members

fl(z) =2 + am+l‘z'm+1 + Z bn(l)z”’ am+L1 # 0’ m g 1'
m+3

and

fae) = 2+ Aap 2™+ 3 b, (A)2"

m+2
of the family (7) are entire, then A > O.
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ProoOF: Suppose 4 =1le*, | >0, a #0, — n < a =< x. Choose 6 with
0 < 20 < |«|. By lemma 9 there is a star & = &(0, K) of the form (51)
such that £,(€) C& and f,(z) - 0in & for z ¢ &. By (50) the m branches of
the star & lie one in each of the angles

0 ) 3 0 . k4

85) — ~ (2 —3)= —_—y——— (2 -1

(A) v+ (& )m<argz< Y= (2 )m,
7’=1:2:".:m:

i.e. in angles of magnitude 2(= — 6)/m spaced evenly around z = 0 with a
gap of 20/m between neighbouring angles. The boundary of & is tangent at
z = 0 to the arms of the angles (85). By (43) the term y in (85) is determined
by — @pyy exp (— sym) > 0.

Applying the same reasoning to the function f,(z) we see that there is a
star & = J(0, K) of the form (51) such that £,(8) C& and f,,(z) > 0 in J
for z € 3. The m branches of ¥ lie one in each of the angles

) —¥+ o~ (3= <agr<—y — —@i—1),
1=12,--m
where by (43) o’ is determined by
— ABpyy €Xp(— 2y'm) > 0.

Since 4 = l¢**, ] > 0, we may put 9’ = 9 + a/m. Thus by (85), (86) the
appearance of J is that of & rotated about the origin through an angle
— a/m. Since 20/m < |a|/m < 2(n — 6)/m, it follows that & U & contains a
circle |z| < 7,7 > 0. We remark further that since the K in &(9, K) and
(0, K) may be arbitrarily enlarged, the region &€ U I may be assumed to
be contained in an arbitrarily small circle centred at the origin.

By the results of Baker [2] or Rosenbloom [13], since £,(z) is a nonlinear
entire function, it follows that for all but at most one of the values j = 2,
3, 4 the equation f,(z) = z has a solution £ which is not a solution of f(2) = z
for 1 < % < j. Thus there are points & and 7 with /(&) £ &, f(n) % 5, £ # 9,
F2(8) = &, f1a(n) = 7. Clearly & # 0, 5 # 0. By the above remark we may
suppose © U & so close to 2 =0 that £¢SUJ, ¢S U I Now since

faaz) =24+ nla, 2™ - n=1,2,-

it follows that the sequence {f,,} is not normalin |z] < » and there is a value
|2;] < r and an integer N = 1 such that

fm(z) =& or fma(zn) =1.
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Suppose fya(z,) = &, which is no loss of generality. Then since fj,(¢) = &,
we have for any positive integer m

fom{fia(z)} =&m=1,2,8,---

If 2, ¢ © then f,,,,(2,) = 0 as m — oo and hence fy,{f12m(21)} = 0. Therefore
2, ¢S, z; € 3. But then fy,(z;) e for all N =1, 2, - - -, which contradicts
fva(z) = £ ¢ 3 U S. Thus the assumption « 7 0 is false.
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