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PREFACE

The Introduction and Chapter I were printed off in
1931 and some important changes should be supplied from
the Addenda and Corrigenda, which an intending reader
should take note of at once. Chapter IT, whose completion
has been unavoidably delayed, has now been rewritten.
For help in this I owe an overwhelming debt to Dr. W. W.
Rogosinski, who not only supplied much of the material,
but criticised and corrected my text in the last detail.

I wish also to express my gratitude to the printers
Messrs. C. F. Hodgson & Son for their courtesy and great
forbearance over a difficult 20 years.

June, 1944, J. E. L.
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2 " NOTATION.

1. Notation. We use the symbol 4(z, y, ...), or sometimes A4, ,, ...,
for a positive constant depending only on the parameters showm
explicitly ; in particular A will denote a positive absolute constant. We
use K for a positive constant depending in general on all the parameters
of the context. We use % for a number satisfying | $|<1. A4’s, K’s, and
9’s are not in general the same from one occurrence to another; if we
wish to preserve their identity in the course of an argument we affect
them with suffixes 1, 2, ....

e(z), es, otc., denote functions tending to 0 as their argument tends
to the limit (finite or infinite) under consideration. The symbol o(l)
is available for such functions, and the ¢ notation is used only to mark
a distinction; we use it for functions that are independent of some
parameter or parameters.

The symbol e without an argument, and also §, denote as usual
positive constants (‘‘arbitrarily small’’).

Certain letters used as indices (exponents) will denote numbers sub-
ject to special conditions. u may be any real constant, positive or nega-
tive. The remaining letters denote positive constants, and, moreover, are
restricted by the following inequalities :

A>0, k21, r>1; 1<p<g£?, ¢22; 0<eLl], 0<p<1.

We shall occasionally allow ourselves the licence of extending the
ranges of A, x, p to include 0, those of u, A, k, 7, ¢ to include + @, and
that of p to include — @ ; but in such cases we shall always indicate the:
extension explicitly. [The commonest indices are A and r. p and ¢
do not occur in Vol. 1. The definitions are repeated from time to time,.
and the reader need not memorize them.]

We write t' =t/(t—1), where t is any one of the special indices
(supposed, however, not to have the value ¢t = 1). A dashed letter does
not necessarily belong to the class denoted by the undashed letter : thus
p’ and ¢’ are respectively of types q and p, and X, «’, p’ may be negative.

The relation between t and t' may be expressed in two further ways,
with which the reader should make himself familiar :

1,1 'y —
v+7r=1 ¢=hE-1=1

The integrals with which we shall be concerned are generally ex-
tended over a bounded set of points. Such a set of points can be reduced
by a trivial transformation to lie within any given interval : we shall
suppose always, unless the contrary is stated (and this does sometimes.
happen), that all sets E, ¢, ... are contained in the interval (—m, =),
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which we denote by E,. We write E, ¢ F, for ‘‘E, is contained in E,"’,
and denote E,—E by CE.

By HK, the ‘‘product’’ of two sets of points H and K, we mean the
set of points common to H and K.

A function f(6) to be considered in E, is likely to have some natural
relation to the period 27. On balance it pays to lay down the con-
vention that ‘f is continuous in E,"’ shall include the relation
f(—n) = f(x). In theorems about functions not necessarily continuous
it is generally possible to alter arbitrarily the value of the function at
a single point. In such circumstances we shall tacitly suppose that
f(—m) = f(x) and that f, defined originally in E,, exists everywhere
and has the period 2r. This convention enables us, for example, to treat
an interval |#—6,] < k on the same footing when it projects out of Eo '
as when it does not.

Unless the contrary is stated all given functions are supposed measur-
able : other questions of measurability are generally trivial, and we do
not discuss them.

When | f(6)|* is integrable in the sense of Lebesgue in a set E we
say that f belongs to the class L» in E. We write also for brevity L
in place of L.

The ‘‘sign of 2”’, or, in symbols, sgn 2, is defined to be 0 if z=0
and z/|z| otherwise. % denotes the conjugate of 7, 5gn z = sgn 7.

The symbol [f]y denotes f if |f|< N, and N ggnf it |f|> N.
[E]x denotes that part of the set E for which the modulus of the variable
does not exceed N.

By a null-set we understand a set of zero measure, by a null-function
a function that is zero except in a null-set. f= ¢, or, in words, ‘‘f
is equivalent to ¢'’, means that f = ¢ except in a null-set, or that
f—¢ is a null-function.

We shall use the following abbreviations :—

p.p- (‘presque partout’’) for ‘‘almost everywhere” or ‘‘almost
always’’ (i.e. ‘‘except in a null-set’”). [‘‘a.e.”” is insufficiently vivid and
is apt to be mistaken for other things] ;

b.v. for ‘‘bounded variation’’ and ‘‘of bounded variation’’ ;

a.c. for ‘‘absolute continuity’’ and ‘‘absolutely continuous’’;

u.b.v. and u.a.c. for ‘‘uniform(ly) b.v.”” and ‘‘uniform(ly) a.c.”’;

t.v. for ‘‘total variation’’.

By a ‘‘trigonometrical polynomial’’ we understand a finite sum of

type .
¥ (¢, cos n@+d, sin 16).

n=0

B2
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Q. The inequalikies of Holder and Minkowsks.

2.1. We suppose until further notice, unless the contrary is stated,
that all letters denote numbers that are positive or zero. The sums with
which we -deal are in general taken over an infinity of terms, but in
our proofs we may suppose them finite, and complete the argument by
@ trivial passage to the limit. There is a single exception to this rule :
Theorem 4 of §2.82. Here ‘‘convergence’’ is mentioried explicitly
and given a special treatrent.

Hélder’s inequality is

H) Zab < ZaVIrEEWT (r>1).
Minkowski’s inequality is
M) (S4B )1 < Car+ESHNE (k3> 1),

We first prove these results, then develop them at length, and finally
collect everything for reference in Theorems 1 and 2.

2.2. Let U'=23a", V'=2Zb", W= Zab. We have

a |, b
® b <L+ 5.
a” |, b _ _a e
For (Z+5) e =t =T+,
where x = all"b7,

and differentiation shows that t(x) is a minimum (for x > 0) when 2 =1,
in which case ¢t = 1.
It follows from (1) that if A is any positive constant
r L
ab =Xa b NI+ x—bT
Summing we have

r_U__l —T’Kt
@ WSN AT

‘We may suppos‘e in (H) that U, V¥V >0, in which case, if we choose X so
that
ANUT = ATV = A" U")”"O\"" Vi')l[r‘ — UV,

{2) becomes

we L+ =uv,

end this is (H).
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The inequality (M) is trivial when k = 1; supposing then k> 1 we
have, by (H), )

T* = S(a4-bF = Ea4bFflatS@+-1b
3) < {Z @+ S {Z (a4 b)* | ISPy
— Tl:—-l{(xal:)llk_'_(}:bk)llk} ,
and the desired result follows.

(M) evidently extends directly (or by induction) to more than two sets
of numbers (a), (b); we have, in fact,

) {Z(@4b4c+. ) EaP I E . '

Results corresponding to (H) and (M) exist also with integrals in
place of sums, and in (4), where a double summation is involved, there
are also mixed forms. For the most part the proofs are substantially
the same for sums or integrals; where this is so we shall generally give
only the argument for sums; where it is not the integral case is the
more difficult and we consequently select it. In stating results we select
sometimes the sum, sometimes the integral form. We suppose in ou:
proofs that the range of integration is bounded; exteunsions to infinite
range are trivial when they are valid, and we do not consider them until
our final summing up. Our integrals are Lebesgue integrals. We
actually require none but elementary integrals in Volume 1, but the
subject is more easily treated in the general field, and the full results are,
in any case, required in Volume 2.

For the ‘‘integral-integral” form of (4) the argument transforms as
follows : The case k = 1 is trivial. Supposing then £ > 1 we have

= de (Sf(:c, ) dx)k = Sdm ‘J f (5 fdx) "'“'dy;

o <for[ra] [ a]" = fafra] v

or T’< j’dz (5f"dy> llk’

which is the desired result.

2.8. Let now f and g be functions, possibly complex, for which
g = 0. Then

o £ ol < ) Jora = wipn

This is, in fact, what may be called the ‘‘mean’’ form of (H) (for
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integrals). The 2a’s may be retained or omitted at our pleasure, since
they occur ‘to the same power '—1 on both sides. We prove now that
the sign of equality in (1) holdst if and only if each of

@) IflIr=clgl”, where ¢ = M;(H/M7(g),
and .
6] sgnfg=e"=c|g|", where a is a real constant,

hold in the set of 6 for which f £ 0.

It is easily seen that equality does hold in (1) subject to (2) and (3).
Suppose now that equality holds. Then, in the first place, it continues
to hold when the integrand fg is replaced by | f||gl. Let A" =¢"’
Then (indeed for any A) .

“ ot Ll 4 -rlel,

and equality in (4) happens only if | f|"=c[g|". If (2) is false there
exists a set, not null, in which (4) holds with inequality, and therefore
a non-null set in which the difference of the two sides exceeds some
positive 8 ;. Then

[Jratas <X [15rao+25 [ 1g1rae.

Since in any case

j_!fg|de<§—L v a0+ [ lgrae

+ The reader will find in Vol. 2 that the conditions for equality (here and in §2.76) can
be important weapons of argument: it is a mistake to suppose that they are of purely
academic interest.

{ Wa shall often have to use the principle involved here, which is that if ¢(8) >0 in
& set of positive measure, then, for some 3, ¢ > & in a set of positive measure. The principle
can be generalized into the following form.

Suppose that with every 8 of a set E of positive measure there are associated h posilive
numbers ¢,(0), ¢a(0), ..., ou(8); k finite real numbers M,(6), My(6), ..., My (6) ; and I positive
integers Ny(0), Na(8), ..., Ni(6). Then there exists a positive number a, a finite pu, 1 positive
integers vy, vy, ..., vi,"nll independent of 9, and a perfect set E* of positive measure contained in
E, such that for every 6 of E%

() >a M<h), [ MB|l<u <k, No=w (0.

In fact, let H (p, g; #y, 75, ..., ) be the set of 8 of E for which ¢u(6) >p'! (n < k),

IM8)l<q (n < k), N.=vw, (n < 1l). Every @ of E belongs to some set H, and ¥ = 3H, the

| summation being taken over all positive integral p, g, ,, ..., 7. Since 3 has a denumerable
number of terms, some H has positive measure with E, since mE < ZmH. H contains a
perteot set E* of positive measure, and this satisfies the required conditions, with

a”l’": B=Qqs Vu="T%u
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we have by addition

5 o< XL ( yraet L joran

= (3 +3) ) Mg = 1,0 Mete)

r

contrary to hypothesis. Thus (2) must hold.
Finally, for equality in (1) we must have

f,fua0=c] isgia0

L |fg|(1—e~"®sgn fg) d6 = 0.
‘The real part of the integrand being non-negative, we must have

|fa] {1—W(e~"®sgnfg)} =o0.

8ince the set in which fg = 0 is equivalent, by (2), to the set in which
S =0, we have R(e-*8gn fg) =1 and so e~ sgn fy =1, except when
J =0. This completes the proof.

The case of sums is much simpler.

Consider now the case of equality in the (M) inequalities, supposing
everything non-negative. There is equality in all cases if k=1. If
k>1 the condition for equality in the ‘‘integral-integral’’ form is that
f@, y) =F@ G(y) p.p. in & and p.p. in y. In fact, for equality in (5)
of §2.2 the z-integrands must be equal p.p. in z. By the (H) result

equality requires e
z, Yy) _
e =

P.p. in y, where ¢(z) is independent of y. This proves the result.
In the * sum-sum”’ form (4) the condition is that b, = ca., ¢, = ¢'a., ...
for all n, where ¢, ¢/, ... are positive constants.

2 . 4. The inequality (H) remains valid if the index r is replaced by a
£ <<1 and the sign of inequality is reversed, provided only that u =£0
[negative values of p are permitted]. Similarly (M) is true if k is
replaced by x'<<1 and the sign of inequality is reversed, provided u 5 0.

To prove this let us denote the inequality (H) by I(a, b, ), and the
inequality with reversed sign by I*. If now u = —X < 0 _and we write
a=a AV = (gB)A+VA T*(q, b, —]) is equivalent to I(a, 8, 14A"?),
which is true, It u = p [0 < p < 1] and we write a = (aB)'/?, b = 8-,
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then I* (a, b, p) is equivalent to I(a, B, 1/p), which is trué. Thus our
assertion about (H) is proved. In the case of (M) we have only to
carry out our former proofs, using I* in place of I.

2.5. LEMMA a. Za) > Sa)'* E>1).
For Ea) = Z{(Ea)t.a} > Z{a* . a}.
[The simplest case of the lemma is _
(14+2¥ > 142¢ (2> 0).]
The inequality (H) extends at once to the form

) Sab...| < Ela|m) M(ES[b e ..
where the r's are connected by
@) st o

and the a’s, b’s, ... ure not necessarily positive. T'o prove this we write
the product ab ... as aB and use (H) with r = 7. In the sum X8" we
now write B as by and use (H) with r = 7,;, and so on. We thus obtain
(1).

‘We observe next that (1) remains true subject only to
(3) 1'1>1, 7'3> 1, cany E% >1.

In fact, let 21/r =k, or S10k) = 1. Then, by Lemma a,
[ Zab... t| < ElafV®... |ty L [T {Z(| @]y} Wb} = TL(E | a |l

The inequality (1), subject to (2), may be replaced by the ‘‘mean’
form

1 L yjap)”
1 zab...l<11(n Slal)

in which n is the number of terms in each set of numbers (a), (b), ...
This inequality does not hold subject to (3). We shall call inequalities-
‘“‘homogeneous’’t when they are true equally in ‘‘sum (integral)”’ or
“‘mean’’ form.

We conclude this paragraph by noting some easy variants and con-
sequences of (H). The integrals are all taken over (—r, ), and f, g, ...
are not necessarily positive.

4) |2 fyd9|< jlf"yldﬂ)( flylde) k> 1).

t The homogeneity is in the range of summation or integration.
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:.[Trivial for k = 1, otherwise a oonsequencc of (H) with f replaced
by 1f¢'™1, g by |g1¥]

o [sana0 < (& firrn1ae)” (oL jlg"klde)llr‘ oD

1 1 . Ur

& ] < i) G v & o)
if h=1, k=1, h+k>hk,

1 1.1 ,1_, 1 1 _, 1
where r R tETL v t—l.h‘

[(For | fg|=|/*¢* M. f 1N d gl |
1 1 1k
) ‘Ejfdo < (ghﬂ"dO) > 1)
This is the special case g = 1 of (4). The parallel form is
1 A 1/k

© 5 3| < (321019 ™

(8) is not homogeneous [nor is (7)]. If we suppress the factors 1/n the
Inequality becomes false; indeed, when the a’s are non-negafive, it
becomes true with sign reversed, as is seen at once from Lemma a. (The
result corresponding to this in the theory of integrals has little interest.)

2.6. We prove next (a’s and b’s not necessarily positive) :
O Clahe—E|b|F L Elat bl  Elalf 4+ E| 0 k> 1)
@ Slalr—Z (b < Zla+dl < Zla[+Z]0r O

In each of (1) and (2) the left-hand inequality reduces to the right-
hand one if we replace a by a+b and b by —b. The right-hand inequality
of (1):is (M). To prove that of (2) it is enmough to show that
(a+b) < a“+b* for a, b > 0: this reduces to

A4z <1+ @>0),

which is easily verified by differentiation (since x—1 < 0).
We can combine (1) and (2) as follows. For A >0 let

«= a()\)={1 A<D
IAQS D
Then

8 Cla—Clor < Cla+d)» < Elaly*+E1b1Y,
or, what is the same thing,
@) |Clatbhyr—Elap| < @lolye,
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The remsining results in this sub-section involve constant factors.
Their value lies in application and the precise values of the constants
are without importance. We have first a result roughly equivalent in
application to (3').

@) |Zlatbp—2lap| < S0P+ Ri@ ) A>0),
where
0 g
Ry(a, d) = {Aa((zlal“)“"*(h‘ Ibl)\\l/.\+(2|al}.)llx(zlb|A)I-IIA) a>1).

This is proved [in (2)] if A << 1; suppose then A > 1. The function
{Q+gr—1—a*} [@+2*)
is bounded in >0 [consider ¢ <}, $ <2< 2, =>2 separately],

and non-negative, by Lemma a.
Hence, writing B for .4,, we have for non-negative a, b,

0 < (@a+ b —a*—b* < B@*'b+ad*?),
0L 2(a+ )2 —2a* < S04+ BEa* b+ Zab?),
while finally
Eah—lb < (za)t)l—'llk(zbl)llA \‘abk—l (zah)llk(zbl)l—llh'

The case a =0, b >0, is therefore disposed of. Consider now the
general case : we have

(5) A = Zla+b*—2|a < 2|b|*+Ra(a, b)

a fortiori from the positive case. On the other hand, by the same argu-
ment,

6) —A=2Zla*|—Z|at+b|*
= Z|@+b)+(=d)P—2]a+b P < 2| —b[*+Ri(a+b, —b).
If A is positive (5) gives us what we want. If, on the other hand,
A is negative, then R,(a+b, —0) < Ri(a, b), [since 1—1/A > 0] and
(6) gives what we want. This completes the proof.
Next we have two simpler results. For A >0

<7> SlatbP < AE|aP+E]5],
(8) Cla+d N L A {C|aMA4E b YA},
with extensions to more than two sets.
For la+bd* < {2Max(|al, [6)D}* < 2X(|a[* 4] b]M).
Thus (7) is true with 4\, = 2*. Further
Sla+b|* < 2 2MaxElalt, Z|b ],
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and so (E| a+ leu)m < 21+1/A Max {(2| al")‘“, (El b|x)1h.}

< 2‘*"*{(E|a|")""+(2|b |)«)lp¢} ,
which proves (8).
‘We now prove that, for A >0,

9) if Llf—f,.l" d0—0 as n—> ®©, then Llf,.l"dO—*Llfl“dB;

{10) if Llf-—fn]" d6 —0, L!f*‘ —fu|*d0—>0, then f* =f in E.
In fact, by (3) (for integrals),
(17 a6}~ ([I71*a8)*|< ([ f.=f P a0)* >0

provided I| f1*d0 is finite. If the last integral is not finite we can con-
<lude that for any fixed N

[1£1d0 > [1[£Iv1* a0 [\ (1 |* a0
and so jl fa]|*d0 —> o, since the last expression tends to @ with N.

Thus (9) is true whether j | £1d0 is finite or infinite.
It is not difficult to deduce (9) also from (4).

For (10) we have f* —f = (f,—/f)+(f*—f.), and so
[l72—f1 a0 < Ai {[1£s—F P aO+[| fu—s* * d6)
Ly (7). Since the right-hand side tends to zero the left side is equal to
zero, and the non-negative integrand is equivalent to zero.
2.17. The means M, (f).
2.71. We define, for any finite u % 0,

(= (= 17ras)”,

A (f) = log M.(f).

Yor u =+ o we define M, = e'~ as the greatest number M such
that for every e |f| > M—e in a set of positive measure, or as o if no M
exists. We call this number also Max(|f|) or the maximum of |f!:
equivalent functions have the same maximum, and for any f there exists
an equivalent f*(= [ f]u), of which M is the maximum in the ordinary
sense. Similarly we define Min| f|= M_, = ¢*~* as the least m such
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that | f]<<m-e¢ in a set of positive measure. For a continuous f M
and m are, of course, Max | f| and Min| f| in the usual sense. Finally
we define

1 L2
Ro=log My == j_'log[fldﬂ.

This integral has a definite value (possibly + @ or — ) unless the
integral over the positive values of the integrand and that over the nega-
tive values are both infinite. In the latter case we regard A, a8 taking
all values from —® to 4+, and interpret statements about it in the
obvious way (e.g. A, > Ay would mean A, = 4-®). u =0 is a genuinely
exceptional suffix, but the gloss enables us to remove those points of
difference that are merely trivial.

‘We observe that

(1) -A—p.(,f) - _Ap(l/f) (-—@ < M < + @ )’

a result which enables us to infer propositions about negative p from
those for positive p.

2.72. We prove next :

(2) A= Aip as p>+o, A, —>A_, as p—>—o.
It is enough, by (1), to prove the first. If M, < + o there exists an
J* such that
IfI=If*I<M,,
and so M.()=M.f"H"<< M,_.

On the other hand, | f|> M_—e in a set E of measure § >0,
3 1/u
(N > {2t —er}
imM, >M, —e lmM, >M,.
o

Hence M, > M_,. 1f M, = ® we have, for an arbitrarily large K,
|f1> K in a set of positive measure J,

o
M;( K“) , ImM,> K, lmM, = o.

2.178. We show next : A, is an increasing function of p (in the wide
sense). We have to show that A, > A, if ug>pu. I p, >0 this

follows from §2.5 (7) [with |f|* for f, %k = ug/u,), and (1) above then
shows that it is true also for us < 0. (Incidentally we see that

M. = lim M,
p—p+0
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exists, and similarly for M_,.) It is therefore sufficient to prove
(1) A>Ay (w>0),
and to this end we may suppose A, <+, M, < ®. Then, since

log|f] = Max (log| f1, 0) < 4,/ 71,

1
we have ) é;s‘_'lsglfldO <o,

and a fortiors A= él;jlog |f]1d0 < .

[This means incidentally that A, has a definite value less than .]
Supposing, as we may, that A;> — . we have now

|f1* = exp (ulog| f]) > 14w log| fl,
M‘l: > 1+I‘A0’
and so My = lim M, > lim(1+uA)* = exp Ay = M,
p—>+0

Since M, is increasing for w > 0 this gives A, > Ay (& > 0).
2.74. Continuity of A,, M,. We define now (as above)
A= lim A, Mo =lim M,.
>t u—~»10
As above we have
1) AoSA <A Mo My My

We show now: If uy; >0 and A,, is finite, then A, is continuous for
every pin 0 <p<p, and is continuous on the left at u = pu,.

In the first place A, is finite in 0 < u < g, since A, A, < 4@
and A, =—o gives M, =0, f=0, M,,=0, A, =—x. Let now u
tend to a ugy, where 0 < wg < 1y, but only from below if uy = m;. Then

we have
If1* < 14| flm,

a function of class L independent of x. By a well known theorem
[proved below as Theorem 10],

“__> J|f\“d9 Ilim[fl"'dO:jmn.dg’
or M, - M,

Suppose now further that A, is finite; we shall show that A, is con.
tinuous in +0 < p'< m—0. It is enough to prove that Ay = A, or, or
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account of (1), that A o < A, Suppose first that | f] is bounded be-
low by a positive constant, which we may suppose, on grounds of
homogeneity, to be 1. Then log| f| = 0 and

[fI* < 1+ulog| fl+G log LF DML+ F1) (o < B,
@ M < 1+uhg+u'T,

where J= gl_; j(log DA+ f|¥)db < @

since M, < ®. Hence _
»l_l:li OM,. < lim (14 uAg+437)* = exp A,,
the desired result. Finally, no longer supposing |f| bounded below, let-
fa=Max(]f, n"). Then
Avo() < Avo(f)
< A
by the bounded case. This being true for all » we havet
AN = “li?; AN 2= Avo(f).

This completes the proof.
We conclude with one or two simple observations.

G Ifogu<p A, <o, and A,=—wo, then A, ,o=—®.
For Ap.+0(f) < All.+0(f1l) = Ap.(fﬂ)’
and this tends to — o whether ©« >0 or u = 0.

(4) The relations A, < ®, A o= ® are (stmultaneously) possible
Jorau>o0.

6) —o=A <A <A,y= 4> s possible.
The function f= {|60|(log|6)®} ~*/* has the property (4), and
f=exp(|0|~¥sgn 6) has the property (5).

The results of the subsection, collected and extended to negative p
by means of (1), are given in (10) to (18) of Theorem 1 below. The facts
are simpler than the arguments, and the best classification involves some
rearrangement, which the reader may profitably verify.

1 By Theorem 11 Cor. below, £, being monotonic.
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2. 75. Convezity.
Lewua B. Suppose 0<a<B<Ly, a<y, and M, ()< ®. Then

O My<MM, where =520 1= 300

In other language, log(M}) is @ convex function of .t

The result is trivial unless ¢ < 8 <y, which we suppose.
Then 0 <9< 1, and if r = a/(89) = (y—a)/(y—B) >1, we have

it = I,
@ =g firrac (g fina)” (5 e =

My < Me/® IYIED = 3 p1-9,

‘We show next that equality can oceur in (1), with « < 8 < v, only if
there exists a set £ CE, such that | f|=c¢ in E and f=0 in CE, ¢ being
a positive constant, and that in this case (1) is true, with the sign of
equality, for all a, B, y [satisfying 0 <a < B <L v]

The last part is evident. If now equality holds in (1) it holds in (2).
Hence |f|*=c|fI|*, by (2) of § 2.1, and this leads at once to the first
part.

As a corollary of Lemma 3 we have: If A\, <A, M,,(f.) tends to zero
as n—> o, and M,,(f,) is bounded, then M,(f,)—>0 for A <A,

Results parallel to these hold also, of course, for means of sums.
Thus, if S, = (Z|a|9"* and we suppose in the first instance that there
are n a’s, we have

n~VBSy < (Y28 ) (Y S )2,

We may, however, drop the n-factors on account of homogeneity, and'
may then suppose the a’s infinite in number by a passage to the limit.
Thus '

85 < 8287,
where 9 is the number in (1), and equality can hold, for « < 8 < y and
8. < o [in which case S, < S, < ® by Lemma a] only if all a's are
zero except a finite number, and for these |a|= constant. If this
happens, then equa.hty does hold for a, B, '

t ¢(z) is a convex function of z if, for any interval a < z < B ¢(x) < Y(z), where Y(z)
is the linear function of # which agrees with ¢(x) at # = a and z = g.  Or, if ** the arc lies-
below the chord *
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. 76. The three-term inequalities in § 2 .75 are. homageneous. - We
eonmder now two-term inequalities; these are non-homogeneous, and
“‘means” and ‘‘sums (integrals)”’ behave diﬂerentrly We have seen
already ,that M.(f) K M,(f) (@<<vy), and Lemma a shows that
8.> 8, (e<y). [Thus means and sums are monotonic in opposite
senses. Neither monotony is implied, of course, by the convexity.] We
proceed to consider the conditions for equality in the (non-trivial) case
a<<y. The results are : - oo
1) Ifa<yand N, <o, then‘ M, =M, z:fmid only if |f1==¢, where
¢ i a constant, and then equality holds for all a, v
2 Ifa<y and 8, < o, then S, =8, if and only if all a’s are zero
but one, ard then equality holds Jor all a, v.

Let 8=13(a+y). Then, by Lemma 8, My < M,, Sg< 8,, and so
M, =M= M.,, S. = 8g=.8, (if the extremes are equal). These require
respectively  f|= ¢ when ¢ is everywhere 0 or ¢; |a|=¢ for a finite
number v of 4’s, the rest being zero. If E is the set in which ¢ = ¢ we
have
‘ cmE[2m)* = M, = M, = c(mE/[2x)',

whence mE = 2r if ¢ 5= 0. Similarly
vee =8, =8, = e,
and v=0or 1 if ¢ = 0. These facts establish (1) and (2).

2.77. We conclude by determining the limits to which the monotonic
function S, tends a8 a—0 and a—>x.

(D) If S.<® forall a>0 then S,—>® as a—>0 unless there is only
one a different from zero, in which case S, is the same for all a.

For if ay, ag#£ 0 |a,|*+|ag|* > § for a<q, and S,> @V*—> .
(2) If 8. < o for some sufficiently large a, then S,—>Max|a| as a»>®.

Clearly |a|= p = Max|a|> 0 can occur for at most a finite number,
v say, of a’s, otherwise 2|a|*= would diverge for every a. Hence

(%)' = v +3Zb,

where every b,<<1. Further, the last series is convergent for a > ao,
say, otherwise S,= o for every a. But then Xb; is uniformly con-
vergent for a 2> a, and so tends to Zlimbi=30=0as a=> ©. Thus

(Sufp)r=>v, 8S,—»pu.
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9.81. We now sum up the results obtained so far in a number of
separate theorems. We do not always give the parallel results for both
sums and integrals, and shall treat as sufficient a reference to a ‘‘sum”
result where the application requires the ‘‘integral’’ one.

In Theorems 1 to 4 we use the index conventions :

prea, A>0,k>1,r>1; 0<x<1, 0<p<1; t'=¢t[(t—1).

Other letters denote in general arbitrary complex numbers. We recall
the definitions

M.(f)= (%rs:'lfl“de)llp (5£0), A.(f) =log M.(f),

1 ”r
M=o | roglfiae,

subject to the gloss explained in § 2. 71.
M, = Max|f|, M-, =Min|f|.t
Sy =Z|alr

TrEOREM 1. We have the following inequalities, integrals being
taken from —= to m, unless otherwise stated.

jfgd9‘< jlf.'de) (17rSlg\r'de)""':M,me(g).

More generally

)

. P |
@ | faon 0| < P M0 D=1

8) (2) remains true subject to E% <1
@ L(smae| < (& [irtia8) (5 f1g1ae) ™
®) |21 Sf hd6|< j|f'h|de) '(%fquao)""

® | frmae|< (& firotias)” (5 firvae)” (3 fiowae)™”

+ In the modified sense of § 2. 71.
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for any h, k satisfying h =21, k =1, h4k > hk, where

1 _ 1,1 i_,_1r 1_. 1
F=rtE~b v=1-% T=1"%
lel”, 1BI"
m lad| << prants R
® In (1), (), (4), (5), (6) we may suppress the factors % and

suppose the sntegrals taken over any set E, of finite or infinite measure.
(9) When everything is positive the inequality (1) is true with reversed
sign when r 18 replaced by a non-zero p <1.

We have further the following results, supposing [in (10) to (18)]
that | f| is not almost everywhere zero or almost everywhere o .

(10) A, (f), M,.(f) are increasing functions of u (in the wide scnse).
In particular M, .o(f), M.-o(f) ezist.

11) M.(f)—> M, (f) = Max |f| as p— o,
M.(f)>M_.(f)=Min|f| as p—>—c.

(12) If A, A, are finite and py < pg, thenm A, is continuous in
< n<py [Either u; or u, may, of course, be 0.] Suppose u, 5 0
and A, i3 finite, then A, is continuous in the interval (0, u,) taken closed
at u, and open at 0. Further A,— Ay as u—0 n (0, ;) [but A, may be
+ o ]; in particular, if u > 0, then M, is continuous in 0 < n < uy.

(13) At a fized point p > 0 the alternatives are :
() —o <A <o, Aio=A, A,o18either A, or ®.
(i) A=Ap=®, —0o<A_ K>,

(14) At a fized p <O the alternatives are :
(i) —o<A. <o, Ajo=A, A._oiseither A,or —o.
i) A=A g==—», —0ogLA <>,

(16) At p = O the alternatives are :
(@) —o<A <o, Ajp=Ajor +o, A=A, or —.
(i) Aco=A;= A= .

i) A- =Ay=A,o=—.
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(16) In (13) to (15) all possibilities left open can actually occur.
(17) A, cannot have a finite discontinuity at any p.
(18) Ezcept at p = 0 one or other of A,.o, A, is equal to A,.
19) Let 0 <a<B <y, My(f) <w. Then
-3 —_ a(z_ﬁ) Y Z@— )
My < MIML™%, where 3 Biy—a 1-9 Bly—ay

(20) Equality occurs in (19) if and only if |f|=c in some set E
and f=0 in CE, and them it occurs for all a, B, y (satisfying
0<a<B<y.

@1 If 0<a<y and M,(f) < o, then M,= M, if and only if
|f|=c¢, and then all M, are equal.

22) If M<Ay My(f) =0 as n—>wo, and M)(f.) is bounded as
n—>o, then My(fn)—>0 for all A <2,

(23) S, is a decreasing function of A (in the wide sense).

(24) If Si< @ for all x>0, then S,—>o as A—>0, unless there is
only one a different from zero, in which case Sy is the same for all \.+

(25) If S\< » for some sufficiently large A, then Sy—>Max|a| as
A—> o,

(26) Let 0<a<B<y, S.<®. Then

3 q1-9 = M 1—9 = X_(B_—_a_)
Se < 828)7%, where 9 Bly—ay 9 Bly—ay
(27) Equality occurs in (26) only if all a’s are zero except a finite number
for which |a| is constant, and then equality occurs for all a, B, ¥.
28) If 0<a<y and S, < ®, then S.= S, only if all a’s but one
are zero, and then all S, are equal.}

THEOREM 2.
1 Clat+d[r L Elaln*+E|b 9 (k> 1)

t If n is the number of a’s, then n-1A S, —>(I1a)l/: this result is the analogue of ‘¢ My—> 3
a8 A—>0 (provided some M, < )"’
1 The analogue for integrals (as opposed to means) is: if

(Lorel (rre)”

then f=0 except in a sub-set of E of measure unity, in which |f| = ¢.

02
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More generally

N
® (| 2reter][a2) " <2 Llf,..(z) jdz)”
w (2] f,.(z)dz\ </, @)

® ([|f e

(2) may be generalized to

®) (z

S jlf(a:. ) I"dz dy.

k)\/k <§|cm| (Elam'”k)llk’

2 Cm@m,n
(5) may be generalized to

o ([|[re9swa| 1veia=)"

<[ (Jire priveias)r swiay,
and similar extensions may be given to (3) and (4). )

8) Equality occurs in (1) if and only if all b’s are zero or else b = ca,
where ¢ is a positive constant. Equality occurs in (5) if and only if

sgn f(z, y) 18 constant where it is not zero, and f(z, y) = F(z) Gy,
p.p. in & and p.p. in y.

(9) When everything (but the index) 18 positive the inequalitics (1) to (5)
are true with the reverse sign if k is replaced by any non-zero p < 1.

10) (Zla|y*—E|b L Elatb M L (Ela9F+HE|01* k>

an Zlal =2l < Zlatbl* < Zlal+2(b]* O <e<DA
12 |ElatbPr—Elalyr] < @loPy, a= {ip\g‘; g

18)  Clatdtet.. < ElaM+E N+ E]e N+
A9 | Clatbtet...r—C|ar| < EbN+E e+
(15) |Zla+3*—2|al’| < Z|51+R,

+ For non-negative a, b there exist the following companions to (10) and (11):
(o + B)* > Zak+ 3B, {2(a+ D)F}A > (2644 (SH)VA,
The first is an immediate corollary cf Lemma a, the second is a case of (9).
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where R=0 if AL 1, and
B =A,((E1aPY-INE 5P A4 |a PPAE b Py-1)

FAS1. g
e - Slatb P < AE|aP 2D
L)) E|a+d ) < 4] a VP +E|b M}

(18 If L[f——f, *d0—>0 as n—>cw, then LIf,.I"dO»Llfl"dO,
wherc the right-hand side may be finite or infinite.

19) If SE|f-—f,,l*d6—>0 and SElf*—f,.l"dG»O, then f*=f.

2.82. To the preceding theorems we add two more, of which the
first constitutes a kind of converse of (H). They arise naturally out of
our considerations of the case of equality in (H).

THEOREM 3. Supposc that r > 1 and E is any set of finite non-zero
measure. Supposc that (f being any complex function)

1
m—ELfgdG

for every bounded function g such that

(1) LUV

©) mﬁj\g|"de-—v">o
Then
® Ll rre <o

If f is real it is sufficient for (3) that (1) should hold for every real
bounded g satisfying (2).

We may suppose U = 0. If now we take g to be a sulta.ble constant
in [E]y and zero elsewhere [the constant being chosen so that (2) is
satisfied], our hypothesis asserts, among other things, that f is integrable,
and so measurable, in [E]y, and so measurable in E.

It is sufficient to show that

@ ﬁh \[fle["d0 < U™,
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If the left side is zero there is nothing to prove. If not, choose

g = t|[fIvI"" sgn f+
and the constant ¢ so that (2) is satisfied, ¢.e. so that

®) mEj [flwirdd = V.
Since g is bounded (1) holds, by hypothesis. This gives
Ot [ (U0 =215 [ Fweas < 5 |] soas| < w7

Eliminating ¢ between (5) and (6) we obtain (4).

THEOREM 4. Suppose that, all letters denoting non-negative numbers,
Sa,b, is convergent for every set of b's for which b} is convergent.
Then Zat, is convergent. There are corresponding results for the com-
vergence of infinite integrals (of both kinds).

Note that this theorem is not a trivial consequence of Theorem 3 (for
sums).

It is sufficient to consider the series form, and to prove: if Zap
is divergent there exists a set of b’s such that Zby is convergent and
Zay, b, divergent ; or, writing a, = a, @,bs = t,a,, to prove: given a diver-
gent Za, we can find a set of ¢, such that Za,t, is divergent and Za,t]
is convergent. For this it is sufficient to take ¢, = 1/s,, where

8 = ay+ag+...+ay.
[For =22 diverges with II( - ﬂ) = &=,
Sn Sn Su

and on the other hand

n&_na d.Z L t_zz_ja“dz ]
28,’: —EL._;;:-<ZS,.-. - F<K'

2.91. THroREM (Young). Let ¢(x) >0, Y(y) >0, ¢(0) = (0) =0,
and let y=¢(z), z=1yY(y) be strictly increasing, continuous, and
inverses of each other in £ =0, y =2 0. Then,ifa>0,b>0,

) ab <L¢<z) dz+L\b(y) dy,

and equality occurs if and or.zly if b = ¢(a).

+ Note that sgn f = sgn [f].
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Either a = ¢(a) < b = ¢(B), or else B = Y(b) < a = Y(a'); say the
former. Then B8 > a.

5:¢d:c+£\ﬁdy—ab = 5: (@) d"‘”"j:fvdtl’(z)—ab

= ﬂ¢(ﬁ)—£ ¢ (2) dz—ab

, : > Bp(B)—(B—a) p(B)—ad = 0.
The inequality

a |, b
2 ab < T + 7
is the particular case ¢(z) = 2™, It generalizes to
(3) abo...<TL for TL=1.

for more than two numbers a, b, ¢, .... This, in turn, generalizeé as
follows.

2.92. TeeoreM. Let ¢,(c), ... ¢,.(x) be continuous, strictly in
creasing functions of « in =0, and ¢,0) =0 (n<<m). Let
D (x) = z¢u(x), and let £ = X,(y) be the function inverse to y = &,(z)-
Suppose now that the ¢, are connected by

or, more generally, by
@ IX<y >0
Then for a, =0 (n < m),
(2) III ay < ? 50” ¢ (@) diz.
We may suppose that no a, is zero. Consider
'(8) F(al, Agy «.. a,..) =2 So“ ¢,,(Z) dz (an > O)v
subject to
@ G=Ma. =1,

1

where t is a positive constant. F is evidently bounded below, and it
tends to o as any a,tends to infinity. It follows (since F is continuous)
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that F attains its absolute minimum for some set of a,’s, none of which
is zero.
For this set we have, by a theorem of the differential calculus,

aF oG

(5) AT—O n < m),

for some value of A, independent of n. (b) gives

Bu() = aa e = A “gg__ A,
(6) = X.(A2) ;
and taking the product for n < m,
M t = IIX,(A0)

<, by (1)

The right-hand side of (7) being a strictly increasing function of A,
the equation (7) has at most one solution for A given ¢. Hence there is
ezactly one solution A == 1, for which (6) gives a minimal set of a,. For
this set the (minimum) value F* of F is

X, (A1)
e = zs $n(2) da.

Transform the integrnl by z = X,(£), when ¢, = ®,/x = £/X.(6).
We have

At At
= IIX,(Af) = ¢.
Hence for any set a,, ... a,,

F> F* =t =1la,,
the desired result.
The relation (1) is the generalization of the relation bhetween a pair
of inverse functions ¢, Y. To see this, let y = ¢(z), £ =V (y). Then

zy=P@)=Y@); =3y, y=¥'(@p),
zy = B~ (zy) ¥ -1lzy).

For a general function ¢(x) there is no extension, universally true,
of (H) in product form.
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8. THEOREM 5 (the *‘selection principle’). Suppose that the numbers
B(n,m) exist for all integral valucs of n and m, and are bounded for
each fized m and varying n. Then there cxists a strictly increasing
sequence My, Mg, ... and a set of numbers By, By ... such that for each
value of m, B(n,, m) tends to B, as r— ®.

The numbers B(n, 1) have at least one limit point 8, say, and we
can select & strictly increasing sequence Sy, or ny3, 3, ..., such that
By, 1)—> B, The numbers B(n,,, 2) have a limit point, B; say, and
we can find an (increasing) subsequence S, of 8y, or %41, 7mgs, ..., for
which B (n,,,, 2) > Bs. Further we may evidently suppose that
7,9 > my,;, for example by choosing g, = m;.. The process can
be continued indefinitely : there exists B3 and Ss, or s, nse, .r., &
subsequence of Sy with 735> 2,5 and so on. Consider now the in-
creasing sequence 8, or Ng,3, Mg .... For each m we have
B(n,m)—>B, as n—>x through S,; hence also Bn,m)—>B, as n—>®
through S, which is a subsequence of S,.

If the variable m (but not n) in B(n, m) is replaced by a continuous
real or complex variable, the principle ceases to hold. We may, however,
expect it to hold if B(n, 2) has sufficient continuity for its behaviour to
be dominated by the hehaviour of B(n, z,), where (z,,) is a set of points
everywhere dense. We have, in fact, the following important and power-
ful principle.

CoROLLARY. Swupposc that f, is continuous in a bounded domain D
of onc or two (or any finite number of) dimensions, and that in any
closed set Dy interior to D the continuity is uniform in n. Then there
exists a subscquence (n,) and a continuous ‘‘limit-function’”’ f such
that f,,—~f as r—o, uniformly in any closed set interior to D.

The uniformity of the continuity means that given ¢ there exists
8 & = &(e, D)) (independent of n) such that for all n and all 2, 2/ of D,
subject to |2—2'| << 8 we have

) | fule) —fale) | < e

Consider the points of D whose coordinates are rational. They can be
arranged in a progression (z,) in such a manner that for any z of D
there exists a z,, within distance 8 of it for which m << M, where

M = M(S) = M(e)

depends only on & and D (for example, by arranging that the greatest
denominator occurring in coordinates of 2, is monotonic increasing with
m). The numbers B(n, m) = f,(2.) are bounded for fixed m and varying
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n. Hence there exists a sequence n,, ns, ... and numbers a,, as. ... such
that for each m

r(2m) = fn,(2m) > Qn

asr—>o. [Note that the sequence (n,) and the functions ¢, do not
depend on Di.] Now let D} be any closed set interior to D, a the dis-
tance from Dj; to the frontier of D, and let Dj (so far arbitrary) be the
set of points of D whose distance from the frontier is not less than }a.
Let 8 be the number associated with D] and the inequality (1). We may
allow & to be diminished, and may therefore suppose that & <%a. If
now z is any point of D; there exists a 2,, within a distance 8 of z, where
m < M(3), and 2 and z,, belong to D;. Now, given any m, there exists
a v(e, m) such that

| prlzm)—slzm) | < e (r, s =)

hence, if M<a§ v(e, m) = N = N{(e, 6) = N(e, D3),
we have b
@ |¢r(zm)—¢a(zm)| <e (r,s>=N, m<M).

In the inequality

I ¢r(2)—¢,(2) l < l ¢r(z)—¢r(zm) | + I Sbo(z)'—q’s(zm) I + I ¢r(zm)—¢n(zm)|

each term on the right is less than e (if r, 8 =2 N), the first two in virtue
of |2—2z,|<<® and (1), the last in virtue of (2). Thus

l ‘Pr(z)"‘¢a(z)| < 8e

for r, s = N(e), and all z of D;. It follows that ¢,(2) tends to a limit
function f(z) uniformly in Dj. Since D;is arbitrary, f(2) cannot de-
pend on it; finally f is continuous at any point of D, as the uniform
limit of a continuous function ¢,. This completes the proof.

4. Theory of functions of a real variable.

4.1. In this section we set out those parts of the theory of real
functions which we require later. We sometimes carry our develop-
ments beyond what is strictly necessary, but have not tried to be
exhaustive. The extent of knowledge required is nothing like so
great as is sometimes supposed. There are three principles, roughly
expressible in the following terms : Every (measurable) set is nearly a
finite sum of intervals ; every function (of class L* is nearly continuous;
every convergent sequence of functions is nearly uniformly convergent.
Most of the results of the present section are fairly intuitive applications
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of these ideas, and the student armed with them should be equal to most
occasions when real variable theory is called for. If one of the principles
would be the obvious means to settle a problem if it were ‘‘quite’’ true,
it is natural to ask if the ‘‘nearly’’ is near enough, and for a problem that
is actually soluble it generally is.

When our results are capable of extension to functions that may take
complex values—and they generally are—the extended form is either
deducible trivially from the real one, or else the proof for the real case
applies with trivial modifications. We shall therefore take such exten-
sions for granted, giving only the proof in the real case, and sometimes
only the enunciation in the real case, when either procedure suits our
convenience.

+. 4 .21. TrEOREM 6%. Suppose that f(6) is of class L* in E,, and let
8*’ be given. Then there exist (a) a continuous ¢, (b) a strctchwise
oﬁstantt (“*step-function’’) ¢, with the further properties :

) lf—¢l<e except in a set e of measure less than 8,

@ [ ir—prar<

8) o(7) = p(—m).

If further f is bounded on one or both sides, such a ¢ can be found
with the same bound or bounds.

Theorem 2 shows that if, given f, we can find, first an f® of a
certain type such that M,(f—f®) is arbitrarily small, then, for fixed f®,
an f® of another type such that My(f®—f®) is arbitrarily small, and so
on to f®; then, given f, we can find a function of the last type, ), such
that M,(f—f) is arbitrarily small. We shall use this argument fre-
quently, and we have here its first occasion. A precisely similar principle
is available for a result of the type (1).

Let fu=/[f]» and let e, be the set in which f,=f. Then

n=|fl<|f in e
pas | ifPran<

and so ¢,—0 as n—>o, and

Lu| F—fulrd0 < L} af | 46— 0.

t This is the second principle of §4. 1.
1 That is to say : E, can be divided into a finite number of intervals, in each of which ¢ is
a constant.
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By the principle explained above we may, in proving (1) and (2),
now suppose that f is bounded. We may, for similar reasons, reduce the
proof further to the case when f is a function which takes only a finite
number of values @i, as, ..., ay. [If f* is the integral multiple of ¢
nearest to f we have |f*—f| <¢'.] Let now e, be the set in which
f=a, Then e = ¢,+¢é,—e,’, where ¢, and e,’ have arbitrarily small
measure and ¢, is a finite sum of intervalst; moreover, the dissections
can clearly be made in such a way that e}, e}, ... ¢}y are mutually ex-
clusive and together compose E,. Then if f* is the function which is
a, in ¢ (r=1,2, ..., N), My(f*—f) is arbitrarily small, and f* is
a stretchwise constant function ¢ with the properties (1) and (2).
By bridging the gaps in the graph of this ¢ by sufficiently steep
lines [thereby disturbing the values of the function in a set sf
arbitrarily small measure, and disturbing M,(f—¢) arbitrarily li. ’ﬂi
we can convert ¢ into a continuous function, which, by one mdW
such adjustment, can be made also to satisfy (3). The stretchwise
constant ¢ itself can be made to satisfy (3) by an arbitrarily slight adjust-
ment. Thus we have proved the existence of ¢’s of types (a) and (b)
which satisfy (1), (2), and (3). To prove the last part of the theorem we
have only to observe that if, e.g., e < f << B and ¢ satisfies (1), (2), (3),
then ¢*, defined to be ¢, a, or B, according as a < ¢ < B, ¢ <a, Or
¢ > B, is of the same type [(a) or (b)] as ¢, and satisfies @ fortiori the
conditions (1), (2), (8).

A less elementary but shorter and more elegant proof proceeds as
follows. [It appeals to theorems proved a little later, but they are with-
out logical priority to Theorem 6.]

Let

1/n
Fo=ifeng, wr@=m[" joO+0dt p=|p* " sgn g

¢ is continuous [and satisfies (3)], and it is easily verified that bounds
of f are also bounds of ¢. Since f* is of class L and is therefore almost
always the derivative of its integral, the functions

t1/n

+n jo 0+ dt,

and therefore also ¢*(6), converge almost always to f*(6) as n—> .
Hence also (sgn ¢* —>sgn f* and) ¢—f p.p. Also

Lﬂlqsl*de = ng&*ldﬂ < %Y_':I” dtL Lf*O+b |t = L.lf(e)pde.

+ This (for an arbitrary set) is the firat prinociple of §4.1.
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By Theorem 13 (2) holds when n is large, and (1) is an immediate
consequence of Theorem 9. This disposes of case (a); the transition
to a step-function is, of course, easy.

4 .22, TreoreM 7. Let f() be periodic and of class L*. Then
Fo = [ Ifeto-sora

is periodic and continuous. In particular F(0)—~>0 as 6—0.

Given ¢ we can find a continuous and periodic ¢ for which
[If—pPds <e

Let @(9)=j"_'\ $(t4+-0)—p(H|*d0. By Theorem 2 (14)
HE@O)}—{2(6)}*|

< ([ rero—gerara)+ ([ ifo—smira) <o

Since ®(6) is continuous it follows that {F(6)}* and {F(@)}* differ by

at most 8¢* provided 6'—60 < d(e), It follows that {F(6)}* and F(6) are
continuous.

CororLARY. Let f and g be periodic, and f of class L™ and g of
class L, or f of class L and g bounded. Then

H) =5 j" fO+6 90 dt

8 a continuous function of 6.

We have in the first case (writing t—8 for t)

|| =|HO+9-HO|=| o= | {fe+0~f0} gt~ |

" 1r " I
@  <lg| 1ero-sora" (L[ lge-ora)

The first factor is small with §, by the main theorem, the second is
M.(9)t and so finite. Thus AH—>0 with 8.

+ This disappearance of an apparent parameter (here ¢) will become very familiar.
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In the second case the right-hand side of (4) is replaced by

£ rero—rola

where K is a bound of |g]|, and the conclusion follows as before.
4.93. TreorEM 8 (Riemann-Lebesgue). If E is any set (of finite
or infinite measure) and Ll f|db exists, then
lim j f(6) ¢*do = 0.
t—>o JB
Let [E]xbe the set of those points of E for which || << N. Then

L-mxf(o) « d0| < .L-[z].vlfl 400

as N>, It is therefore enough to prove the theorem for a bounded
set, or for E, and a periodic f.

(i) Writing % for =¢-},
. Lag ] N
Fo = j@endo=~["" fo—nenas,
- —-r+y

and, adding and taking half the sum,

Fit)=}% j: {f(O)—Ff@—n)} e a0
H["" FO—n) e dO—-i;s*ﬂf(B—q) & 6.

PO < [ 1/6—0=f®| a6+ [ 1700+  17@1a0

when e, and e; have measure . Each term on the right tends to zero
a8 t—>® (or »—0), the first term in virtue of Theorem 7.

(i) It is easy to prove directly from Theorem 6 that it is enough to
prove Theorem 8 when f is a step function and E an arbitrary finite
interval. This reduces to proving it when f is a constant, and this is
immediate,. by direct integration.

4.381. Treorem 9 (Egoroff)t. Suppose that as n—> f,(0)—>f(6)
p.p- in ECE,, and that f is finite p.p. Then there ezists a set H,

t This is the third principle of §4.1.
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of arbitrarily small measure, such that f,—f uniformly in E—~H. The
result holds also if f is (say) + o p.p.

The last part follows by a trivial transformation from the first, which
we proceed to consider.
~ Let ¢ (2) be the upper bound of | f—fu!| for m > n: ¢, is & decreasing
function of n for each z. Let E.() be the set in which ¢,>e. For
fixed e E,(e) is & decreasing set, and its limit as #— o is included in the
null-set in which f, does not tend to f. Let now e, tend to 0 as n—>
and let Za, be a convergent series of positive terms.

Since mE,(e)—0 there exists an =, such that mE,..(e) < a,.. The
measure of the set

H=3E, ()

does not exceed s a,, which is less than » by choice of ». Consider now

r
any point 8 of E—H, and let n > n,,,, where s will be chosen presently.
We have

lf”(e)—f(e)l < ¢N(9) < ¢nr “(0) < €ptas

since 0 belongs to the complementary set of E,,.,(e,+,). Since e.., < ¢ for
8 > 8, where s, is independent of 0, it follows that f,—>f uniformly in
E—H.

4 .32. TeeoreM 10. If f,—f p.p. in ECE,, then

[ o

provided f, is uniformly boundedt, or the product of a uniformly bounded
function and a function of class L independent of n, or, more generally,
provided f, has a majorant of class L and independent of n.

For if F is the majorant of the f, (and therefore also a majorant of
f), and H is the set of Theorem 9, we have

Jim L |fa—f1d0 < lim L_” +lim L = lim L < lim Sa 2Fdo,
and this is arbitrarily small with the measure of H.

A similar result holds, of course, for a function depending on a
continuous parameter instead of on 7, and the same thing applies to many
of the theorems that follow. We shall state explicitly only the results
involving the parameter n.

t In these circumstances we say that f, converges to f boundedly.
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. 4.33. THEOREM 11. () Suppose a.(n) >0, a,m)->a, as n—>®.
Then
@ % a, < lim = ay(n).
1 n—>w 1

(i) Suppose f.(6) > O and fu—>f.p.p. in ECE, Then
@ jfdeg lim 5 Jadb.
R n—>x JE

To prove (i) we need only observe that for every N

N N @
Ta, = lim Za,.(n) < lim Za,@).
N—po

For (i), the analogue of (i) for integrals, we have [fuly—[fIy p.p.,
and boundedly. Hence, by Theorem 10,

medo = lim L [f]vd8 < lim L 7148,

since f, > 0 and 80 [fuly < f,- The limit of the left sideas N—>o is
5 fd8 by definition, and the desired result follows,
E

The proofs are valid whether the right-hand sides of (1) and (2) are
finite or 4+ . When f fd@ is finite (i) is an immediate corollary of

Theorem 9. Thus
tim | (o= @0 > lim| (=) a9+lim | fua0— fas,
E E-H n J/4

and of the terms on the right the first is zero, the second non-negative,

and the third arbitrarily small with mH, whence mj >0
E

CoRrOLLARY. If f, i monotonic increasing (decreasing) in n for each

8 of E, so that f, converges to some f in E, and if L f2d0 > — o (<+®)
for some n=v, then

Ii o0 = .

im L £.8 L 7d6

For supposing f, increasing, f,—f, is non-negative for n>>v on the
one hand, and not greater than f— f, on the other, so that

[, y-s0 < tim [,h=pio <Tm < [ oo,
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Suppressing the various —f, we have
li ndl = X
im L £.d0 L a0

4.84. Tasorem 12. Suppose that a.(n)—> a,, for each r, as n—>®,

and that ? | @, |* is convergent. Then in order that

@ lim = |am)—a. =0,
n—>wo r=1

it is sufficient, and also necessary, that

2) Tia.m)|*>Z|a. M

The necessity is given by Theorem 2 (18).+ For sufficiency we
assume the truth of (2) and have to prove (1). We have

@ @ N-1 » N-1
lim =|a,(n)* = lim 2| a,(0) *=lim 2 |a,@* =Z]a,*— Z |a,| = en
—>n N 1 1 1 1

Hence, by Theorem 2 (16),
T 2| an()— . * < T 4, 2 (10t P[00 ) < 2ehrey.

‘Hence finally
Im 2 | a.)—a, |* = lim = < 24,6,
1 N
and the left-hand side must be zero.
The same arguments establish the following

CorOLTARY. Let f.(6) (r=1, 2, ...) be a set of non-negative func-
tions each continuous at 6 = 6. If now

is continuous at 6,, then

nmmozlfr(o)—fr(e&l = 0’

and 3 f,(6) is uniformly convergent in some neighbourhood of 6 = 6.

The first part is a particular case (with A =1) of the theorem (for
a continuous variable §). For the second (‘‘Dini’s theorem’’) we have

2fO<2 NS A ACRACY |

+ Indeed the hypothesis a,(n)—> a, is here unnecessary, being & consequence of (1), But
this no longer applies in Theorem 18, the corresponding result for integrals.
D
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The first term on the right is independent of 4, the second is less than e
provided that |§—6,| < 3(e), by the first part, and the result follows at
once.

4.35. The result for integrals corresponding to Theorem 12 is as
follows (we have developed certain details) :

Toronem 18. Suppose that f,—f p.p. in E, and L. If*dd < .
Then in order that

(1) J, \fmrras o,

it 48 sufficient, and also necessary, that -

@ j |f,.|’~do->5 |fIMd6,
E Ko
and in particular it is sufficient that

A A
®) A R
When (2) holds we have also

@) f frao{ ifha EmeEy.
B E
In particular, when A =1, (2) is a sufficient condition for

®) L fad0— L fio (EcEy,
but it is not mecessary.

Finally, if either (and therefore both) of (1) and (2) holds for a par-
ticular A, they hold for all smaller A.

We follow the proof of Theorem 12 so far as is possible. It is in-
structive to note what elementary device in Theorem 12 corresponds to
the use of Theorem 9 in Theorem 13.

In the first place, by Theorem 2 (18), (1) implies (2) (and, indeed,

without the hypothesis f,—f p.p.). Suppose now that (2) holds. It
is easy to see that (2) must hold also when E, is replaced by any Ec B,
For writing

= ' | 40, = A do,
L@ =[fras @ = )51de
we have, by Theorem 11, lim Ju(E) > J(E). If now Iim Ju(E)> J(E),

we have, by combination with lim J,(CE) > J (CE), TimJu(E) > J (E,),
contrary to hypothesis. Thus lim J,(E) < J(E) and lim J,, (E) = J(B).
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We can now deduce (1) from (2). By Theorem (9) |fu—f|—>0 uni-
formly in Ey—H, where mH is arbitrarily small. Then

J,_j\p—rras—o.
Also Ll Fa—f A < 45 L| FulNdO+4, L| FIrde.

The right-hand side tends to 2A,‘L!| fI1*d6, by what we have just proved,
and this is arbitrarily small with mH. It follows that

ﬁ;aj | fomfI @0 = iIEf
E, H

is arbitrarily small and therefore zero.

Since (3) implies (2), by Theorem 12, it is sufficient for the truth
of (1).

The result (5) is, of course, included in (4). To see that, however,
(2) (with A = 1) is not necessary for the truth of (5), consider the example

fr=00=0), fa=n0<[0l<n™), fa=—n 6"<|0|22™),
f»=0 (|6]>2n™").

Here f(0) =0, but j | fu]dO = 2.
Eq

To prove the last part of the theorem we have only to observe that if
S | fa—f1*d0 tends to zero for a particular A it does so also for any smaller
Eq

A, by Theorem 1 (10).

4.41. Let (a;, By, (ag, B9, ..., (ax, Bx) be any finite set of non-over-
lapping, but possibly abutting, intervals contained in E, A function f is
said to be of bounded variation (b.v.) in E, if a K exists such that

N
t= 3 |fBI—f @) | <K

for all such sets of ihtervals. If, further, given e, there exists a 8 = d(e)
such that ¢t < e for every such set of intervals whose total measure does
not exceed 8, the function f is said to be absolutely continuous (a.c.).

If f depends on a parameter n and if numbers corresponding to K,
3 above exist which are independent of n, then f, is said to be uniformly

b.v. or uniformly a.c. (u.b.v. or u.a.c.).
D2
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In what follows we use e to denote the set of points belonging to any
finite set of non-overlapping intervals contained in E,, and (a, B
(n=1, 9, ..., N) for the intervals themselves. We shall sometimes use
the symbol e to denote also the mode of dissection of the set e into
intervals. [Note that distinet modes of division ¢ may correspond to the
same set of points e.]

Any measurable set E is of the form e+ E;—E;, where mE,, mE;
are arbitrarily small. Let now mE,, mE,;, and Max |B.—ans]| tend to
zero in any manner. Then it is known that if f is a.c. the number ¢
tends to a unique finite limit T'(f, E), depending only on f and E, and
additive in BE. T is called the total variation (t.v.) of f in E.

For a b.v. function and an interval aB, the t.v. is defined to be the
upper bound of ¢ for all modes of division of e with an e. The t.v. for
an ¢ is defined as the sum of the t.v.’s for the intervals composing e (this
depends on e only qua set of points). When f is a.c. and E is an ¢ there
is evidently consistency with the definition of T'(f, E). We shall never
have occasion to apply the conception of the t.v. of a b.v. function in
an arbitrary E, and since it would require a long explanation we shall
ignore it.

The further results contained in Theorem 14 and 15 are also known.

TaEOREM 14. (i) A b.v. function is the difference of two positive and
increasing functions, which may be supposed continuous if f is con-
tinuous. (ii) 4 b.v. function f has p.p. a finite differential coefficient
f', and f! belongs to the class L. (iii) If f is non-decreasing and con-
tinuous, then

[row<io-f0 ©>a
TaEOREM 15. A function f a.c. in E, is of the form
[[s@ao+s
where g is of class L in Ey and c is a constant. Further

T(f, E) =ng|do,

so that T tends uniformly to 0 with mE (i.e. uniformly in E)t. Con-
versely the integral of a function of class L is a.c.

+ This is true by definition when E is an e.
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4.42. TrrorREM 16. Suppose that f has the property
(1) 2 Z (Bﬂ) Z (a“

w=1 | Bn—a,|™!

for every set e, where r>1 and G are constants. Then there exists a
function g of class L™ such that

0
@ &= gaote
[\]
and
€) ] lg|"do < G.
E,

Conversely (2) and (3) together imply (1).

The converse is immediate, since

w— (a“)l IBn""ﬂuI

Ba—anl"t

ﬂaia.j:gdolr
<|Bu—enl gz [V 9 1720,

by Theorem 1 (10), whence the sum taken over the left-hand side does
not exceed L lgl"do < G.
Suppose, then, that (1) holds. We have first, by Theorem 1 (4), (8),

3| (B~ = 2| F5 |00 < (2

) (A" & GHr(me)'l™,

Since this tends to 0 with me f is a.c., and so, by Theorem 15, is of the

form (2). Consider now a sequence of divisions e, of E, es being, say,

o, 6, ..., 0%), in which Max | 6L, —6% | —>0. We define a g.(9) for
m

all 6 of E, by s

920 =f————,—‘9f;:,‘) LOD g0 <0< 00,

Then if e is taken to be ¢, (1) is identical with the inequality
@ [ lnoro<e.
E,

Now g, is of the form

[ goae/wted.
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For a 6 at which g(6) is the differential coefficient of its integral the

numerator is
e{g@+o()} +en{g@+oD)} ;
hence g.(0)—>g(0) except for a null-set in 6. Hence, by Theorem 11,

Lolql'de <lim| lnrov<e.

4 .51. Tueorem 17. If f, 18 v.a.c. then
1]

fn = S Jnd0+cu,
0

where g, is of class L and ¢, 15 a constant depending on nt. Also, gir «
e, there exists a 8= §(e), independent of m, such that, if E is any se.
(not necessarily independent of n) for which mE < 3, then

T (fu, E)=J |gn | d6 < e
E

For (for fixed n) T(f,, E) differs arbitrarily little (see § 4 . 41) from a
finite sum ¢ taken for a set e of measure arbitrarily near mE.

4.52. Tagorem 18. Suppose that fy—f p.p. in Eo Then in order
that both f shall be of class L and j | fa—f1d0 shall tend to O it is
necessary dnd sufficient that F| JfaldB is na.c., and, again, it ts neces-
sary and sufficient that J fndB is ua.c. (Hence also the last two con-
ditions are equivalent.)

The equivalence of the u.a.c. of j{ f+|d6 and [ f+d6 follows from
Theorem 17 and we need only consider the first condition.

If ): | f+]d0 is u.a.c., we have L | fuld8 < 1 whenever mE < u, say.
Then E, can be divided into [2x/u]+1 intervals e (at most) for each of
which s | fal 20 <1; hencej | f+1 46 1is bounded, and, by Theorem 11,

f isof class L. We may therefore suppose, in doth the necessary and the
sufficient cases of our theorem, that Ja and f are of class L, and incident-
ally finite p.p. Then there exists a set H, w1th‘ mH << 8, such that

+ Note that f. need not be uniformly bounded ¢ consider, e.g., the case fi = cx = n.
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Ja—f—>0 uniformly in E,—H. We have, therefore, on the one hand

[l rla <] \sa—ridet] ir1ae+ | \sulas,

@ < o<1)+e(s)+jﬂlfu|,

and on the other

@ [1nla<| f=riao+]|f1a0<] Ifu=fla+a® mE<,

where ¢(8) and ¢,(5) are independent of n, H, and E, and tend to 0 with

8. If now J.l fa1d0 is u.a.c., the last term on the right-hand side of

(1) is less than (), and it follows that S |fa—f1d6—0. Conversely, if
Ey

j | | @0 is not u.a.c., there exists an « > 0 and a sequence E;, Ej, ... for
which mE,—0 and L |fuldd>a. It now we take E = E, in (2) and
make n—> o, we hu.veu

tim 1 fa—f120 > .
It follows that, if the integral last written tends to O, Sl fn|d6 must
be u.a.c.

4.58. Treorex 19. Suppose that fu—>f p.p. in E, Then in order
that f shall be of class L and Lo] fa—f1d6—>0 (or in order that j:f,.d@
shall be w.a.c.) it is sufficient, and also necessary, that a function 2(f)
exists such that ¢(t) = B(t)/t increases to 4+ o with ¢ and
@ L@(lf..l) 0 <K

for all n.
Suppose that (1) holds. Given any set E let « = mE, and let E; be
the sub-set of E in which |f,| < u~} E3=E—E;. Then

L‘lfulde < Ll;u“‘ do = pt = ¢, (),

and

[, 170140 < 1969} 1l 012D 40 < K~ = et

j £l 30 < (),
E
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0
so that s J»d9 is u.a.c. The sufficiency part of the theorem is therefore

established (in virtue of Theorem 18).

In proving the necessity part we may suppose that _[ J«d0 is u.a.c., and
also that f, (and so f) is non-negative (Theorem 18), and we have to estab-
lish the existence of a ® giving (1). Asin § 4.52 we have L‘.f,.do <K'

Let Za. be a convergent series of positive terms, e, a positive function of
m tending to 0 as m—>. Let T, be a positive increasing function and
E,, » the set in which f,> T,. Then

1 1 K
mE...,»( T"‘jl fndo<i,—h(fa)le.f“d6<i—’
m J B m (n m

In virtue of the u.a.c. it is therefore possible (as a little reflection shows)
to choose the function T,, in such a manner that

(2 -L fad0 < eman  (all n).

Let us now define §(t) = t¢(t) where

¢(t) = e;;l Tagit< Ts1)-
Then

L:P(f,,) 4 = (L.—E,.,.+m§| L...,..-E.....,..) Fa9(fa) 6

< 2T+ ;31 e;,1§ Fod < 27T+ ?a,,. =K.

CoroLraryY 1. Suppose that fu—f p.p.in Ey, r>1, and L'ol f»I"d0<G.

Then L| flrae <a, Llf..—f t d90-> 0 and (a fortiori) Lf,. de—>L fdo
Jor any fized ECE, and \ J=d0 is u.a.c. Finally we have
Llf»—f *d0—0 for 0 <s<r.

The first part follows from Theorem 11, the second and third from
the main theorem. The remaining last part is & consequence of the

second and Theorem 1 (23), [ since (L.' ) Ve 2]

CoroLLaRY 2. Suppose that r>1 and Ll [al"d0 L G, Then
Ef,de s u.a.c.
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In fact the argument proving S | fal d0 < e(u) is independent of the
hypothesis f,—>f. £

4.61. “Completion”. Suppose that a function f is defined in a set
everywhere dense in Eo, but not everywhere in E,, and let Q be the
exceptional set, 6, a point of it. Let us denote by A(f,, &) the set of
points 6 satisfying |0—6,| < . We shall define f(6;) to be

il_l:lo [upper bound of £(6) in A(B,, 8)],

and shall denote by f,(6) the function that results from this completion
of the definition. [Taking the lower instead of the upper bound would,
of course, produce a different but equally satisfactory completion.]

We often start from a sequence of functions Jn which converges to
a limit f except in a null-set in E,. To ensure that f, is unique in this
case we lay down the conventions that @ is the set in which f, does not
tend to a limit (this phrase being taken strictly), and that f, is formed
from @ and the values of the limit function in E,—Q.

We observe concerning completed functions :

(i) A point 6, belonging to @ is the limit of a sequence 6, 6, ... of
points belonging to CQ for which

f:(6) = lim £(6,) = lim £,(6,).

(ii) If, by assigning appropriate values to f in @, it is possible to
obtain a function continuous in E,, then f, is this continuous function.

4 .62. THEOREM 20. Suppose that f,(0) is u.a.c. or u.b.v. in E, and
that f,—f in a set everywherc dense in Eo. Then f, is respectively a.c.
or b.v. ; further, in the a.c. case f,—>f. everywhere in E,, and moreover
uniformly.

‘We consider only the a.c. case; the other is simpler. Consider any
e, or (as, B n=1,2, .., N). Someof the a, B. may be points of Q.
Let us suppose, to fix ideas, that a, belongs to @, but that no other a or 8
does. Then g, is the limit as »— @ of a{?, & point of CQ, for which

Jola) = gtg fa.

Then, denoting by e, the set of intervals ¢, modified by the substitution o
of? for a;, we have

2|0~/ | = lim (IfBI—fio |+ | /B —7(an) |

(1) = lim lim #(fy, e,).
—> >
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Now me, < 2me = 2« (say) if »>y, and then, by hypothesis,
{(fas &) < e(u). Hence _
lim t(fy, &) < elw) > vy,
NP0

and so, from (1), U fer 0) < e(u).

This proves the first part.
It remains to prove that f,—f, uniformly in E,. Given e there
exists a 3, independent of 4, such that

2 [fa0)—fa@) | <e for |00—0|<é andalln;
moreover (since f, is continuous), we may suppose also that
(8) |fo(0)—f0)| <e for |0—0|<é.

Let us divide E, into intervals less than & by v divisions 6,, 6, ..., 6,
belonging to CQ. For a given 6 let now 6, be the division point nearest
to 6. Then

i@ —fu0) ]| <e (all n),

. | fO)—fel0) | <.
Finally, by hypothesis,

[ £1(6) —fO) ]| <e m>mn,).
From these three inequalities we have

| fo(0)—fo(0)| < 8e, n>Max(n,,n,, ..., n,),
and this completes the proof.

4.63. TaeorEM 21. Suppose that f,—f in E,, or in a set every-
where dense in E,, and that r>1,

0
o= Ly»d9+cu, LE'.,I gul'dﬂ <G.
Then Jo= 5:9d0+c, where g 18 a function such that IE"] g["d6 < G.

By Theorem 19, Cor. 2, f, is u.a.c. Hence, by Theorem 20, f, is
a.c., and so an integral, say the integral of g. Consider now any e and

the sum ¥ £ BI—rilan|
—_ ,lo m —.Zc an) |”
S(,fc) - ? Iﬂﬂ—% -1

taken over e. Since f,—> f, everywhere (Theorem 20) we have
S(f) = lim S(f.).
N—p®
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Hence, since by Theorem 16 (converse part),

spu< | lola<e,
we have also S(f.)<< G. This being true for all e, Theorem 16 shows that
| loree<at.

1]
4.71. Taeorey 22. Let f,(0) =j gndb+c, =1, 3, ...) be a uni-
0

formly bounded and u.a.c. sequence of functions. Then there exists a sub-
sequence f,(0), r=1,2, ..., which converges uniformly to a function

[
f6 = Lgd&-{-c, where g is some function of class L. If further r>1

and js 98170 < G, all this happens, and also L lgl7do < G.

Let 6, 6, ... be the rational multiples of = in E,, arranged in any
way as a progression. By Theorem 5 there exists a sequence m, ns, ...
and numbers a,, a3, ... such that, for each m,

¢r(9m = f n,.(em) > 0m

as r—>®. The sequence ¢,.(6) is u.a.c. (@ fortiors, since f, is). It follows
from Theorem 20 that @, is the value at 6 = 0,, of a certain a.c. function

]
= d0+c¢, and that f, —>f uniformly in E, as r— . This proves
f=19 v 0
0

the first part : the last follows from Theorem 21.

4.8. Convergence tn mean.

4.81, Convergence on the average. Let fi, fy ... be a sequence of
functions, f another function, and let E (v, €) be the set (in E,) in which
|fo—f|>e. If now, for each fixed e, limmE(, e) =0, we say that

y—3p0

fa converges on the average to f(in Ey).

Taeorem 28. Let f, fa, ... be a sequence of functions, each finite
p.p» Elw, v, € the set (in By in which | fu—f,| > e, and suppose that
for each fized e mE(u, v, ) > 0 as u, v tend independently to @ . Then
there exists an f and a subsequence (f.,), such that fo.—>f p.p. as r—>.
Also any two sucl f are equivalent, and f, converges on the average to f.

+ Theorem 16 has fulfilled its purpose in establishing Theorem 21, and is never used
again.
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Conversely, if f. converges on the average to an f finite p.p., then all the
other events happen.

It mE(u,v, ¢ -0, then, given any convergent series e, We can
find an (increasing) sequence #,, 7, ... such that
ME Ny Nps1y &) < €7,
Consider now the series

" §l(f"r—f”r+l) = zu"

It 6 does not belong to E, = E E(n,, ns1, &) we have |u,| e for

r >, and the series converges (absolutely). Since mE, < %e,.—»O as

v—> @ the set in which the series diverges has arbitrarily small measure,
and consequently has measure 0. That is, fu. —>f p.p. (for some limit
function f).

Next, given ¢, 5, we have

@ ol <e

except in a set E, =.E(n, n,, €), where mE; < »n provided = > v(e, n),
r > 7y(e, n). Also, by Theorem 9, f, —f uniformly in CE; where
mEy < 5, 80 that

@ | fa—fl<e (r>m)

except in E; Combining (1) and (2) for » = Max(r, 7,) we have
| fa—f| < 2e except in a set (depending on n) of measure less than 2.
Hence f, converges on the average to f.

Suppose now that f and f* are two ‘‘limit-functions’’. Then we

have simultaneously
fi=fl<e fi=f*l<e

excopt in a set KE.(e) whose measure tends to 0 as n—> x. Since
| f—f*| <2 except in E, it follows that the set E() in which
| f—f*| > 2e has arbitrarily small measure, and so measure zero. The
set, ‘l'_u>n° E(), in which jf*=£f therefore also has measure zero,

and f*=/.
Finally, since
Eu, v, 2¢ C E(u, +E@, ¢),

mE, v, ¢ >0 for each e a8 u,v—> ® if mE@, >0 for fixed ¢ as
v—> o , This proves the last part.
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4 .82. Strong and weak convergence. If A>0, f is of class L* and
L | fa—f*d0—>0 as n— ©, we say that f, converges strongly to f,

with index A.

The simplest case of strong convergence (and, incidentally, of con-
vergence on the average) in which we do not also have f,— f (p.p., or
indeed anywhere) is afforded by an f, whose graph is the real axis except
for an interval I,, of centre P, and length 7, = 0(1) (not too small), upon
which there is a steep peak, the set of P, being everywhere dense in E,.
For example, we may take the point 2x{n./2} (where {z} denotes
less the integer nearest to ) for P,, n™! for I,, and f, = n} or 1 respectively

in I, (and zero elsewhere). Evidently Lo frd6—>0 if r<2 in the first

case and for all r in the second; f, converges strongly to 0 with index r.
On the other hand, familiar facts about rational approximations show
that any 6 is interior to an infinity of I, (and, of course, exterior to
another infinity), so that lim £, exists for no 6.

Ifr>1,
<1> | lara<e,
and
(2) there exists an f such that for each 6 of E,

([ fua0 [ 7as

we say that f, converges weakly to f, with index 7. Two ‘‘limit-func-
tions’’ of the same sequence are necessarily equivalent, since the integral
of their difference is identically zero.

We observe in passing that, subject to (1), (2) must hold for all 6
if it holds in a set of 6 everywhere dense in 6 (Theorem 21).

The simplest example of weak convergence is f, =sinnf. f, con-
verges weakly to 0 with any index r > 1 (by Theorem 8).

4.88. Turorex 24. If fu—f p.p. in By r>1, and LJ fxl"d0 £ G,
then S | fa—f1d0 — 0 and (a fortiori) f, converges weakly to f.
Eo
This is merely a restatement of Theorem 19, Cor. 1.

TuEOREM 25. If f, converges strongly to f with index r> 1, then

fu converges weakly to f with index r. Also LI Jn |'d0—>Ll fI'dd as
n—-> o if ECE,
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The last part is a case of Theorem 2 (18), and it shows incidentally
that Llf..l'do is bounded. Also L,l fa—f]d0— 0, by Theorem 1 (10).

4.84. TuroREM 26. If f, converges weakly to f with index r and
constant G, then

[ lrrao<lim | I5rao<e.

It follows first from Theorem 21 [with £, for g.] that Lo |f]"d6 < G. Next,

if lim Lol fa|"d0 =1, there exists a sequence (.) giving L [ fanl"d0—>1, or
[ o0 < ke 00> mg.

Since the sequence f, (m>>my,) converges weakly to f with constant
l+4¢ we have L%I f17d6 < I+, whence the result.

It is false that

L..' Fd8 = lim LJ £ul7do;

a Gegenbeispiel is f, = sinnf, f=0.

4.85. TrEorEM 27. If f, converges weakly to f with index r and
g belongs to class L™ then

[, frga0>] sea0 EcEy
as n—> o,

We may suppose (by taking g =0 in E,—E) that E = E,. By
Theorem 6 there exists a step-function ¢ in E, for which

—3|"do <.
L%Iy ¢|"d0 <

By '.l‘heoreni 26 f is of class L'; hence, by Theorem 1, f,g and fg are
of class L. Then

”,,f-g """L.fgd" \ < ”,,‘f~—f>¢d9| + ”E“(fn—f) (9—9)d0 .

Since ¢ is constant in stretches the first integral on the right is of the
form

zc,{j:’ (fa—mfdO— j (=D} .
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and tends to 0 in virtue of the hypothesis. The second term on the right

does not exceed : .
(1 r-2rad)” (] jo-srar)",

of which the first factor does not exceed

(v + ([ ) <ser

and the second does not exceed 8V*. 1t follows that

IjEuf,.ng "'L,ofydﬂl < o(1)+-e(d),
and so that
[, fr0d0_soao.

4.86. Tarorem 28. Suppose that r > 1, L | fa]"d0 < G. Then

there exists a subsequence f., converging weakly (r) to some f

0 0 .
( Jor which L [frde < G) , the convergence of L Jn,d0 to L fdo being

moreover uniform.

0
Fn(6) = L Jfad0 is the general term of & u.a.c. sequence (Theorem 19,

Cor. 2) ; also
| Fa <J |fn|d0 < 27 M (fo) < 27GY.

By Theorem 22 there exists a subsequence F,, converging uniformly
(]

to some F(0) = j fd0. [The constant c is zero since Fy(0) =0, and so
[}

F(0) =0.] This proves all but the parenthesis, and that follows from
Theorem 26.

4 .87. Taeorex 29. Let (f.) be a sequence of functions, each of
class X\ > 0, and suppose that for each given e

[ fimpiPrao<e (uv>n).
Then,
(1) there exists a subsequence f,, converging p.p. to some f of class A.
(2) any two limit functions f, f* of this kind are equivalent,
(8) fa converges strongly (A) to f,
(4) fa converges on the average to f.
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‘With the notation of Theorem 23 we have

mE'(M, vy ’I) < ’I—AJ I fp—fr IA@ < e’l—x (,u, v> Vo(c)).

E(s, v m)
Hence for each v mE (u, v, ) >0 as u, v—>® and (1), (2), and (4) follows
from Theorem 28, except that we cannot conclude that f is of class L2,
Finally, if n > v,

£ A28 =\ Ti —f A

[ 1 7~Aurae = im | fu—ruhas
< lim jl Jan—fn1*d0 (Theorem 11)
< jed6=27re,

by hypothesis : f, converges strongly (A) to f. Incidentally this shows
that f is of class L*, and the proof is completed.

If A = k > 1 (the most important case) it is possible to give an alterna-
tive proof of (1), (2), (3). This does not depend on the idea of average
convergence, or on Theorem 9 (but results from combining the argument
of § 4.81 and the proof just given).

Let Ze, be a convergent series. In virtue of our hypothesis we can
find an increasing sequence (n,) such that

1 1 .
ﬂ’jﬂ.,l u|'df = ‘ZTJE.,If"m-ﬂJ‘dO <é.

1 1 .
Then %L"w,gdoag e
and lim f (§|u l)dO:%] |up | dO < 27 Zeyn
N—o>wo JE\T 1JE

By Theorem 11
L;.. (3!)a0 = Lh_r)nw<l_n_nj< orZe, < @,

the integrand is finite p.p. and Zu, is absolutely convergent p.p. In
particular f, —f p.p. (for some /). But now

[ rfukas={_ m | f—rapdd <Em[<e (n>n

end f, converges strongly (k) to f. Thus (1) and (3) are proved, and
(2) is a case of Theorem 2 (19).
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Finally, if A = r>> 1, there is another proof of (3) which is worth our
notice.
If v > v(1) we have

Jplpturan <1, | i< acta] s,

so0 that we have, for all n,

L" | fal"d8 < G.

By Theorem 28 there exists a subsequence f,,, converging weakly to some £.
Since f,,—f, converges weakly to f—f,, Theorem 26 gives

[ irad < tim [ fufelrad <e 0>,

and this proves (8).

5. Fourier series.

5.1. Notation. In what follows we suppose always, unless the
contrary is stated, that f(6) is of class L and has the period 2r. The
constants

.a,. =a.(f) = % F f(6) cos nBdb
) Lo (7 >0)
ba = bu(f) = —;j f(6) sinn6dd

are called the Fourier cosine and sine coefficients of f. For negative n
we define
(2) a” = a_”, bn = _b—u (bo = 0)

(and these equations are then valid for —® <n < ®). The constants
{8) cn = c(f) = %_Y 1) e d) (—o <n< o)

we call the complex Fourier coefficients of f (even if a,, b, are com-
plex). Clearly

(4) Cn = i(an_ibﬂ)'



50 FOURIER SERIES.

We indicate the relations of the a,, by, c, to f by

(5) f~3a,+ % (7, cos 10+ D, sin n6),
®) f~ E cue,

in which there is no implication that the ‘‘Fourier series’’ on the right
are convergent, or that if they are convergent the sums are equal to
f©). 1If ¢cu =0 for n <0 the “Fourier series’’ is said to be a ‘‘Fourier
power series’’. The condition for this in terms of the a,, b, is that
by = ta, for all positive n.

‘We write also

()] ay = 0a,(0) = a, cos n0+b,8innf (—oo <n< o).

We have the following identities, in which we suppose n>0:

8 5, =8,(0) = %ap+ %a,,.(e) = }ap+ %_1 (a,, cos mO+ b, sin m6)

n
= 3 ¢ e
-n

9 oca=o0,0 = 500)+50)+.. +5u-1(6) —

n M=

= i (1—‘-%]) cpe™t.

Considered as derived from an f of which the a’s, b’s, and ¢’s are
Fourier coefficients, s, and o, are also written s,(0, f), ax(6, /).

N
We observe that if Py is a * trigonometrical polynomial” X u.,e™,
-N
then

WP =Py aPy=3 (1-12Nyem @00

In particular we have
snisn(N} = aa(f)y oalsn(N} =ou(f) it N>a>0.

~
For, e.g., s4(Py) = 3 {-2—1; ) (E u,.e"") e""“de} em,

M= -N

and we have only to integrate term by term. For a similar reason a
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uniformly convergent trigonometrical series is the Fourier series of its
sum. )
‘We write further

(10) o) = ¢, 0, =} {f(0+)+f(O0—t)—2s},
(11) do(®) = 3 {f O+ D+f(06—0)—2f(0)},
(12) P(t) = 5: o) du, Py(t) = j: o(w) du,
i 1¢l
(18) P*(t) = L |pG)| du, @*(t)= L | po(w) | due.

L J
5.21. Tueorem 80. If f is of class L then ay, b, c. tend to zero as
n->o. If f is bv. they are of the form O(n™"); if f is a.c. they are of
the form on™Y. In any case

1 ”
ol <o | F180=1 la/<2L |bl<2L

The first part follows from Theorem 8. For thé second we may
suppose f real, positive, and decreasing (Theorem 14)t, and then, by
the second mean value theorem,

0
Ty =f(—-1r)jl cos n0d0,
where —7 < 0, < w. This gives a, = O(n~"), and the resuls for b, is
proved similarly.
0
1f £ is a.c. it is an integral : say j g@)dt+c¢. Then for n>0,
0

T T 0
5 fcosnBdb = j (Lg(t) dt) cos n0d6O

__[sinn6 (* R N . _ o1
=" jogdt]_w " j_'g(o) sin 7n0d6 = 0+o(n"),

by the first part.
The last part follows at once from the definitions of a,, by, Cy.

5.922. Turorex 81. Suppose that (f is of class L and) f~ Zeme™,
9
and that F(0) = L f@) dt—cob. Then
— Cm
cn(F) = -—mm (m < 0).

+ For onoe, of course, we drop the conveuntion f(—x) = f(x).
E2
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For
=] gomiao= &[]+ ro s
= 04 micy(F) = micy(F),
since F(m)—F(—=n) = S’: J(0) d0—2mcy = 0.

5.81. THEOREM 32. Suppose that f belongs to class L. Then for
any 8

®  w@-s=g[ (fe+o-steoar=1[ 4000,

@ o,.«))—s=2ij 1fO+—s} RO dt = qu(t)R(t)dt

where

— __sin(n3) ¢ _ __ sin®nt

ns

80 that Q and R are even functions of t, R(t) = 0, and

@ S Q) dt ——5 R(dt = 1.
We have, writing u,, = 1—|m| /n (and recalling that f is periodic),

o.(0) = iu,,.c,,e = 2 U o""' S Sy e ™t dt

= é; jEnu..‘ j_'f(0+t) e~™qdt,

and so, since ap—8 = ou(f—3),
a®—s=5-% mj'_Jf(Ht)—-s} emtar= ok | {760 +0—si RO,

where R(f) = g) une~™¢, This sum reduces to the form in (8) by ele-
-

mentary ealeulations. The case of s, is similar [we have u, =1 (m 3= 0),
to=1%]. We thus obtain the first forms in (1) and (2). The second
forms are derived by associating the values of the integrand for —t and
+t. Finally, if we take the special f for which f—s=1 we have
¢ =1in (1) and (2), and this leads to (4).

5.82. TrEoREM 38. The upper and lower limits as n— o of s, and
o, are unaffected by any change in f(6) outside an arbitrarily small
interoal (0—8, 0+43), provided only that f remains of class L in E,.
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In fact
1) | L [fO+0+70—0} Q) at | = | j:xw sin (n+3) tdt | ,
when x(&) = {f(048)+f(0—1)} cosec 4¢; and since (for & < )
[l1x1at < coseo 14 ["(170+8]+ | 70—a) a
< 2cosec§6£"|f(t)ldt <w,
the right-hand side of (1) is 0(1) in virtue of Theorem 8. Also (for o),

2cosec 36 S

@ ”:¢(t)R(t) dt| < | 7 (0] d¢ = o(1).

5 | x | cosee }tdt

6.33. When a trigonometrical series is uniformly convergent it is, as
we observed in § 5.1, the Fourier series of the function f(0) that is its
sum, and then f(6) is represented approximately by the polynomisal s,(6)
when n is large. This is a desirable state of things, but in general no-
thing so simple is true. In the first place the ¢, are unaltered if we alter
S () at a single point ; hence the series and the value of f(6) have, at an
assigned point, no particular connexion. This fact suggests negatively,
and Theorem 33 suggests positively, that the ‘‘average of f at 6’’, that
is to say

lim o S FO+Ddt,

or the limit of some higher mean, is the number, if any, to be associated
with the series at the point 6. Secondly, the series may fail to converge
at some or all points §; we may then inquire whether the arithmetic
mean o,(6), or some higher mean of s,(6), converges to a limit in place
of s,(6). What is actually true (though the proof would take us too far)
is that if some average of f exists at 6, then some mean of s,(6) con-
verges, and to that value. Now for most important purposes the con-
vergence of a mean of s,is quite as good as that of s, itself. As for the
distinction between f(6) and its average, there are two principal cases.
In one f is continuous, and so everywhere identical with its average; in
this case the facts are that ¢,(6) = f(8) uniformly. In the other we are
satisfied with convergence p.p., and it is a classical result of Lebesgue
theory that any f(6) (of class L) has p.p. an average equal to itself. Here
the facts are that o,(6)— f(6) p.p.

The ‘‘convergence problem’’ proper for Fourier series, that is, the
question under what circumstances s, (6) tends to a limit (for a particular
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6 or for a class of ), forms for the most part a curiously isolated portion
of the subject, and we do not need to discuss it.

5.41. Tusorem 34 (Fejér). If f(0) (or any function equivalent to it)
13 bounded above, or below, or both, then, for every value of n, on(0) has the
same bound or bounds as f. If f)<<CW@ in 0<|i—0|<d and
C = lim C(9), then lim 0,(8) < C, and similarly for imq,(6) and a lower

3->0
bound C'=lm C'S). If f(6) is continuous in E,, o,(6) is continuous
&0

in E, uniformly in n.

Suppose, ¢.g., that f(8) < a. Then, by Theorem 32,

ou(@)—a = QH':"{ FO+0—a] R(DdE <

since the integrand is non-positive. In the second part, e.g. in the
case of an upper boun.!, we may suppose, by Theorem 33, that f < C(8)
for all 6. Then Tim ¢,(0) < C(S), and so lim 0,,(0) < C. The last part
follows from the first since Ao, = 6,(0+1)—0.(0) = ou{Af}.

5.42. THEOREM 35. At a point of continuity of f(6), a,(0)—>f(6) as
n—>wo. If fis continuous in Eot, then o,(0)—>f(0) uniformly in E,.

(] T
We have 7(o,—f) = jo Polt) B(?) dt+L do(t) B(2) dt.
Since ind<t<<n
|| RO < || fO+D |+ fO—1)|+2 O]} =

we have ”al <= A(é‘) { |f(9)|+Aj If(t)ldt =o(1),

4 (6)

and uniformly in the second case of the theorem. We have further, in
the first case, |¢| <e in 0 ¢t < 6 by choice of 6, and in the second
case this result holds also uniformly in 4. Hence

loa—f| <eto(l) (n>mny

in either case, and uniformly in 6 in the second case.

5.43. We denote by A the set of § in which, for every c,

t
%{L |f(0+t)—c|dt]» = | fO)—c|

1 Remember we are supposing (as usual) that f(—») = f(x).
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at t=0. It is a classical theorem of the Lebesgue theory that CA is

null. For any point 6 of A we have, as t > 0 (by positive and negative
values),

(3
M j°|f<e+t>—f<e)|dt=o<t>, B2O) = o), By(t) = o(d).

THEOREM 36. For any valucs of 0 and s for which ®*(t) = o(t) we
have o,(6)->s.  In particular, at every point of A, and therefore p.p.,
we have o,(0) -> f(6).

By Theorem 33 it is enough to prove that

(] ']
I L.;.(t) R(t)dtl< j 16| RO At <@ (> ny),
or that ’
8 sin 0\ *®
nj |$1 XA <e@, where X(i= (224"

Now
n Y lp| Xn)dt < n j” lpldt =n®*@n™") =o0(1),
o []

by hypothesis, and

) 5 \
nj' -‘i Sl Xnt)dt L n S ..L% = o™

where

" * L T * ’ 0]
(1) ___J’ \pldt _ [‘P () +2s"4’ (:.'_,)d" <‘1’:r(;r)+jlo (71%) dut

N « B w1,

< 0)+o@™)

a8 u— 0. It follows that w(u)= o(1), and this proves the theorem.
[Actually a5 —s if P(f) = o(t) and ®*(t) = O(t), and subject to the
second condition the first is necessary as well as sufficient.]
Theorem 36 is a suitable text for the following remarks :

1. Suppose we are concerned with a theorem which asserts that some
relation, say the convergence of a sequence, holds p.p., i.e. holds except
in a null-set Z (and suppose that the premisses of the theorem do not
themselves involve exceptional null-sets—if they did, the presence of one
in the conclusion would call for no remark). If now we happen to be
told what set Z is, what remains to be proved is a pure approximation
problem, one of proving that a certain function of n and a fixed parameter

+ The contribution of the lower limit of the bracket being negative.
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0 tends to a limit under certain conditions (those which express that &
belongs to CZ). The search for an exceptional Z is therefore often the
best line of attack on the main theorem.

2. An exceptional set Z is generallyt the set of points # at which
some function (not always the first to hand) is not the differential co-
efficient of its integral. This is why so many proofs begin with an
integration by parts, and it is why we sometimes [as in Theorem 44,
proof (iii)] introduce an integration where it has prima facie nothing to
do with the problem.

9.51. We proceed now to problems of strong and weak convergence.

THEOREM 37. Suppose that & is periodic, and that

”

$O) = 5= S_" B©O-+0 H() dt,

where H(t) =0 and M (H) <1. Then
Mi(¢) < Mi(®) (k> 1)
We may suppose M;(®) < ®. Then, by Theorem 1 (4),

T T k-1
14O < g},j_,lé(taﬂ)lkmtmt (=] mO@)™,

and the last factor does not exceed umity. Integrating with respect to
0 we have

M) < o | M@ HO @t < M (@)

TrEOREM 38. If (f is of class L and) k > 1 we have

Lola,.(e) Fdd < I = Lﬂ| F6) 6.

This is a case of Theorem 387, with f for ®, o, for ¢, and B for H.

5.52. Turoney 89. Let k> 1 and let f be of class L*. Then, as
n—>®, o, converges strongly to f with index k :

«(0)— *30—0.
Lb!o‘() £6)|*d6

Since o,—>f p.p., this follows at once from Theorem 38 and
Theorem 13 (3).

t Theorem 28 provides an exception.,
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An alternative proof proceeds as follows (and does not use Theorem
18). We have, by Theorem 87,

” - k
[ tov@—r@ ra0 = [ a0 ([ 1r0+0—r0iR0O Q)
< % K'F(t) R() dt = a.,(0, I),

where F(f) = j" | f(6+t)—f(6)|*d0. Since F is continuous at =0
(Theorem 7), ¢,(0, F) = o(1) by Theorem 85.

CoroLLARY. If f1, f3 have the same Fourier constants, then f, = f,.

Yor if f= fi—fs, o4 (8, f) is identically zero, and

| reumslas—o
requires f = 0.

We use this result in the sequel only in the last of the four proofs
of Theorem 43 (it is itself an immediate corollary of that theorem), and
the reader who is not interested may ignore it. For proof (iv) of
Theorem 43 to be genuinely distinct from the others, however, it is
necessary to prove the present result without using ‘‘summability”’ con-
siderations. We give accordingly another of the many existing proofs.

Let |a|< , and let g(8) be the function that is unity in (0, a) and
zero elsewhere. It is elementary (and well known) that

g6 = GZ:' (ym cos mO+6,, sin m0)

for all 6 of E,, the sum ﬁ being uniformly boundedt. Hence
0

[[r@ao={ soas

= lim 'J' f = (ym cos mO+-4,, sin m6) d6,
r 0

—>rwn

by Theorem 10,
= lim 2 (ymAm+0nbn) = lim0 = 0.

The integral of f is identically zero, and f=0.

———

8in ma 1—008 Mma
t Actually T = B e (m > 0).
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5.61. TaroreM 40. If f, converges weakly (r) to f, then for each m
lim c.(fa) = eu(f)
n—>w

We have only to take g = ¢~™* in Theorem 27.

THEOREM 41. Suppose that r > 1, that ..., c_,, ¢y, ¢;, ... are arbitrary
numbers, and that s,(0) = 5:‘ en€™, ou(0) = [50(0)+...+54,-1(0)} /.

-

Suppose further that either

(¢))] Q'ITJEJ 5,0) "A0 L G (ull w),
or
@) 51?51:.,' @0 < G (all n).

Then there exists an f(6) of class L" for which

o

f ~ _:i G,,,Gmai, and 517; S'Eolfl'd9< G.

Since by Theorem 2 (2)

(jrmm ,rdo)"r < —11; ,é; L%I on| ’dO) "

(2) is a consequence of (1), and it is enough to prove the result for con-
dition (2). By Theorem 28 there exists a subsequence o,. converging

weakly to some f for which 51; L |f1"d6 < G. By Theorem 40
0

¢,(f) = lim ¢,(op,) = lim (1— ﬁ-‘) ¢, =¢,;

M0 m
that is, f ~ Z¢, et

5.62. TaroreM 42. Let f be of class L and r>1. Then (i)

W LhIa,.(e)rde—» Loif(e)n’dO,

whether the right-hand side is finite or infinste; (ii) the necessary and
sufficient condition that L |fI7d0 s finite is that smw,.(e)rdo 18
bounded. '

1f the right-hand side of (1) is finite, then o, converges strongly to f
by Theorem 39, and (1) follows by Theorem 2 (18) (and a fortiors
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jnln |”d® is bounded). If L!a‘,.i'd@ is bounded then L’I flrdo is
finite, by Theorem 41. These facts establish both parts of the“ theorem.

5.71. THEOREM 43 (‘‘Parseval’’). Suppose that f is of class L.
Then

$=Zlal=1}lar+ S (ar+nD =r=L[ 108,

where either side may be 4+ © (and f may have complex values).
In the first place the two infinite series are equal, since
[utiv 4 |u—iv = 2(Ju|?+]|v]H
even when « and v are complex, and so
|on i [o-a [ = 3(| a4 ba[?.
We need, therefore, only consider the ¢, series. We observe further that

the theorem is elementary when f is a trigonometrical polynomial

N
Zec.e". Yor then
Y

1 (™ 4\{ N _ 1 ([~ ‘\: _
J? j (2, cue"® X c,,c‘"‘") do = —5 Y Cp Cae™ ™0,
-7 -N

- 27" -N 27" -7 myn=—N

and the integral of the general term in the last sum is 0 or 2=x|c,|
according as m == n or m =n.

We give four proofs of the theorem, in which the depth of the ‘‘sum-
mability’’ theorems appealed to progressively decreases.

Proof (i). By Theorem 42,
Jr= lim o= [|a,1%d0

n—>w 27
. Lo |\ 2
= lim > (1— : —-') lem
ot n

(by the special case of a polynomial f). On the one hand the right-hand
side is not greater than

”n
lim Z|ec,2= 8%
N—>0 —n

and on the other, if N is any fixed integer, it is not less than
N 2 N
lim 2 (1—'—"’-') enl?= 2 lenf?,
n—>o —N n -N

8o that it is not less than S?* Hence J? = S
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We need not, however, appeal to so deep a result as Theorem 42. In
the first place the inequality §? < J? is elementary. We have, in fact,

o< [ 1f—altas = (j—saG—ra0

= |f|’d9+5 saltdo—2 3 fo,e-mia0
- - - -
" ”
= 27427 2 | on|T—4d7 2| ¢ ]
-5 -n
SlenlPg I8, ST
It remains to prove the complementary inequality J? < 8% and here
our remaining proofs differ.
Proof (ii). Since |o,i*-> f.? p.p., we have, by Theorem 11,
.1 (™ 1 (..
lim %S_' on|2d0 > -é;jhm = J3,
which is
. % fm|\?
i § (1= 20> 2
From this we have, a fortiori,
IPLlim 2ie, i = 82
The remaining proofs apply (at least in their most natural form)
only when J << . In this case S < J is also finite.
Proof (iii). Here we assume less than the proposition “ga,— f p.p.”,

replacing it by Fejér’s theorem. The function

) $O) = = j’: FO+0 7B at

is continuous, by Theorem 7, Cor. Also

@)= ||| so+07@emaran

= i 5'_' S'_ fOp) e e dedy

= cm(f) cm(?) = |cm ls-
By Theorem 35, therefore,

" 1 '
2 lim (1- ‘-’;-f-) |on[? = lim #4(0, ¢) = $(0).
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The left-hand side is §* [by an argument used in proof (i)], and
¢(0) = J2.

Proof (iv). We argue, as before, that ca(¢p) =|cs®. Then $ and
the sum of the absolutely convergent series
S | caltem
have the same Fourier series. By the uniqueness theorem (Theorem 39,
Cor.),
z Iculi em = ¢(0).

Since both sides are continuous the equivalence involves identity : taking
6 = 0 in this we have

St = ¢(0) = J°.
COROLLARY. Suppose that f and g are of class L?, and that

f~Zcae™, g~ ZScpe™.
Then

3 et bttt E@aitan)

are absolutely convergent, and have the common sum

1 .
o j_'fgdo.

Since cxclntc-nch = F(anan+bsb)) we may confine ourselves to the
second series. The absolute convergence follows from that of Z|cs|* and
Z|cs|®. In proving the identity we may suppose (by taking real and
imaginary parts and considering separately the four terms thus arising
trom fg) that f and g are real. The integral

k3 1 ™
-Ql;j_w(f:]; g'd0 = -g-ﬂ_ingPdo

is equal, on the one hand, to

) a(ao+a5>’+§:{(a,.ia:.)*+(b,.i )},
and on the other to
@ = j’_' fdo+ 5‘;5’_ Pt L j'_ fado.

Hence (1) and (2) are equal, and by subtracting the equation corre-
sponding to the minus sign from that corresponding to the plus sign we
obtain the desired result.
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5.72. TEEorEM 44 (Riesz-Fischer). Suppose that the ¢, are any
numbers such that i | cu 12 converges. Then there exists an f of class
L? such that f~ _% o €™,

This is an immediate corolla,r); of Theorem 41, with r = 2, since

g | lslrao=Elot < 3"

On account of the great importance of the theorem, however, we give
two more proofs. Let

fr= 5 Cn ™,
-n
Proof (). If n=2m>0

T n -]
j |fo—ful?d0 =27 Z 1(| ¢ P |ec-dD) < 2r 21< e (n=m>v).
- r=m+ m+
By Theorem 29, f. tends strongly, and therefore (Theorem 25)
weakly, to an f of class L?. Hence (Theorem 40)
er(f) = lim ¢ (fa) = ¢r;
. n—>®
that is, f~ Zcne™.
Proof (iii). Let
0 _ n [~
F® = [ fudd—c,0 = 3 22 -1,
=1 = 3 Om (oni_
FO) = lm Fu® = ¥ 7= 1)

the last series being uniformly and absolutely convergent in virtue of

o= i) | < 2Ll < (o 24 1)

m?

and the hypothesis.
Since
»
I |fal2d0 =27 2 e’ < K,
Eo -1
F, is u.a.c. (Theorem 19, Cor. 2), and so (Theorem 20) F is of the form
j:f‘de. Let now f=f*+c,; then, since F(w)= F(—=), we have

com = 60.
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If now 75 0, we have

Cr

— = ¢,(F)
i
= olf—ed _ e(f) (Theorem 81).
ri i
Thus c.(f) = ¢, for all r; or f~ Zcne™.

Finally
j’ |FPd0 = 27 3 |on]? < @

by Theorem 43, so that f is of class L?. [We may avoid this appeal to
Parseval’s theorem by using Theorem 21 in place of Theorem 19, Cor. 2,
when we may conclude that f* belongs to class L?.]

The reader should trace all the proofs back to first principles.

The first proof uses the selection principle, the second the (rather
deep) existence of a convergent sub-sequence in strong convergence.
The third is the most direct, and constructs (more or less) a definite
function f. The underlying idea is that a function of class L* and its
Fourier series are at least sufficiently closely related for the indefinite
integral of f to be equal to the sum of the integrated series (the latter
being uniformly convergent) ; and to construct the integral is to construct
the integrand. _

The reader may be referred also to the remarks at the end of § 5. 43.

5.81. THEOREM 45. Suppose that A >0 and f is of class L), Then
there exists a trigonometrical polynomial

¢ (0) = %r(o,. cos n6+ d,, sin 70)

such that

(1) |f—¢| <e except in a set of measure less than 6,
1 IV IPRPY

@ gjﬂo:f $1*d0 < &.

1f further f is bounded above, or below, or both, then the polynomial
¢ can be found also with the same bound or bounds.

This is an important extension of Theorem 6. By that theorem there
exists a continuous Y, with the same bounds (if any) as f, and satisfy-

ing
(8 |f—¥| <e except in a set of measure less than 6,

@ = [ -y <e
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If now ¢ = o.(y¥) and n > ny(e) it follows, by Theorem 84, that
¢ has the same bounds as y and therefore as f, and, by Theorem 85,
that (if n, is suitably chosen)

®) lp—¥|<e (ll0),

so that further
1
16) oy Lol o—yrdo
From (3) and (5) we have
) |f—¢ | < 2 except in a set of measure less than 8,
and from (4), (6), and Theorem 2 (16),
1 ) .
)] oy L f—¢ ' rd0 < A)é

{7) and (8) complete the proof of the theorem.

CoroLLARY. If f 48 of class L* then there exists a polynomial
Ny
Py(6) = 2 u, 6"
0

such that | f— Py, < e except in a set of measure less than 8,

1 A
and 5o j%l f—Pyrdf <&

Let Py(6) be the sum of the first N+1 terms of the expansion of

¢(6) in powers of 6. Then, for fixed ¢, |¢p—Pn| <e for all 6 provided
N> N, The argument can now be completed as in the proof of the

main theorem.

5.91. LEMMA. Suppose that f(0) is of class L, and that h(6) is
bounded. Then

lim Lf{h—a,,(h)}d@ =0.

By Theorem 86 o,(h)—h—>0 p.p.; hence, by Theorem 9, o»—7—0
uniformly in CH, where mH < 8. Since further (Theorem 84) |ov| < K,
where K is a bound of | %], so that |en—%| < 2K, we have

U,of (h—ﬂ)d", < Lﬂlf | |h—0u| d0+2K Ll f | 6,
< Lnlfl ed0+42Ke(d) (n> ny

< ejh|f|d9+2Ke(8).
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The right-hand side can be made arbitrarily small, and the result
follows.

5.92. We can now prove the following extension of Theorem 8 :

THEOREM 46. Suppose that r > 1, [f is of class Lt] and

1
o LofydOI < UV

Jor every trigonometrical polynomial g satisfying

1)

Ry ¥ P — T
@) 2 [lgla=7">0.
Then
1 , .
® g | 1 rae < U
Let h(6) be any bounded function satisfying
@ o= 1nlrae=v".
L))
Then I say that
®) |—}T Lo fhde | < UV.

By Theorem 38 we have
1
27

where Vi=Vin) < V. Also h3c0, so that V', >0 (n>mng). Then
g =0, (WV/V, is a trigonometrical polynomial satisfying (2). "Hence,
by hypothesis,

1 1
® | [ foumae| < |5t | soas| <OV 0> .
But by the lemma. as n—->wo,

@ o Lﬂ flh—au(} d-0,

LJmm ¥do = VY,

and (5) follows from (6) and (7).
Since (5) holds for every bounded h satisfying (4) the desired result
now follows by the original Theorem 3.

t This is, strictly speaking, implied in (1), since that asserts, among other things, the
existence of the integral j'x‘ fgaa for a certain constant value of g.
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6. Some theorems of analysis situs.

6.1. A domain is defined as an open connected set of points. The
symbols D, A, occasionally d, é, are used for domains. If 2, 2, are any two
points of D, it is known that z; and 2z, can be joined by a (rectilinear)
polygon lying in D. We denote the frontier, or boundary, of D by F(D),
or sometimes F. D together with its frontier is denoted by D’: this is in
accordance with the ordinary notation for derived sets. We use the nota-
tion D_ to denote a domain with the property (D.)' € D; the “ distunce"”
of D_ from F(D) is then positive.

By ‘““closed contour” we mean a closed simplet Jordan curve; by
‘“curve” we mean a Jordan curve. By a curve “ extending to ® " we
mean a locus & = ¢(f), y = (f), where ¢(f), Yy-(f) are continuous for
every ¢ satisfying (say) 0 < ¢ <1, and ¢’°+y* tends to infinity as £—1.

‘We take as known concerning a closed contour C that (1) C divides
the plane into two domains, an interior and an exterior, and the latter
contains all distant points; (2) these domains are simply-connected, a
simply-connected bounded! D being defined by the property that any
closed contour consisting of points of D contains in its interior no point
of F(D); (8) if z = 0 belongs to the interior of C, then

A¢ arg z = increment of arg 2z round C = 2.

We shall take for granted some other, but minor, points of analysis
situs ; in particular, that if a domain A is in one-one continuous corre-
spondence (point by point) with a simply-connected domain D, then D
also is simply-connected (more generally A and D have the same con-
nectivity).

6.92. Further properties of a closed contour C and its interior D.

(1) Let A, B be distinct points of C. Then C divides into C,, C,,
with no common points except A and B.

(Q) A cross-cut q (simple curve lying in D except for its end-points)
from A to B divides D into q together with simply-connected domains
D,, Dy without common points. D, has q+C, for frontier, D; g+ C,.

These results are well known.

(8) Given A and B, there is a cross-cut q joining them.

+ ILe. without double points.
1 The case of an unbounded domain being dealt with by the usual processes of inter-
preting statements about s =w.
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This is equivalent to

(4) There exists a simple curve L joining an interior point O and A
and lying (except for A) in D.

[For, it L,, Ly are simple curves joining O to 4 and B respectively,
let P be the last (on Lg) intersection of L, with L,; we go from 4 to P
on L,, then from P to B on Lg.]

Proof of (4).—We may suppose that the range of ¢ is —r Lt L ™,
that Bis ¢t = +m, and that 4 is £=0. Let P be the variable point ¢
of the carve. The distance AP = p(¢) is a continuous function of ¢ with
t =0 for its only zero. The circle K, with centre 4 and radius » less
than AO and AB, cuts C where p(t) = r, and this has solutions. (P is
inside K when t = 0, outside it when t = +=.)

Let L(r), {(») be the upper and lower bounds of the moduli of the #'s
for which p(¢#) = . Then, since p(#) is continuous, p (L(")) =p ( 1(7‘)) =7
Also 0 <) < L. and L(»)—=0 with ». [If I'mZL = 26 > 0, then
L > 3§ for some arbitrarily small 7; r = p(L) = mm p(t) > 0; and this
is false.]

Let u(r) = Mn’t p@®). Clearly 0 < u(r) <7
t =)

The circumference K contains points of D, for its interior contains the
neighbourhood of 4 and its exterior coutains the neighbourhood of B.
These points of K interior to D fall into a set of non-overlapping arcs.
These, taken closed, are cross-cuts of D. I say that some of these cross-
cuts q\, qu, ... separate A and B, i.e. join a P, (P of positive t) with
a P_. Suppose not. Then every ¢’ joins a P, to a P, or aP_ toa P_.
Let ¢, & be the ends of gi. Let C, be the curve derived from C by
replacing the piece from £, to ¢ by ¢i, described by a parameter running
from ¢ to #;. Let ¢, be the first ¢’ that is a cross-cut of C, (or D,), and
derive C, similarly, and so on.t The infinite process yields a Jordan curve
C., since for any ¢ between =+ there exists a definite point, continuous int.
Also 4 belongs to C,, since 4 never lies on a rejected piece (the ends of
rejected pieces have ¢’s of the same sign and magnitude 3> J). 8o, clearly,
does B. C, is clearly simple, and encloses a D,. Also C,CD'; hence
D,c D. But now the circumference makes no cross-cuts in D,, and this
is impossible. .

Let g, g3, ... be the set of cross-cuts separating A and B; ¢ = ¢q(r)

+ No ¢’ joins a ¢ between ¢, and ¢{ to one outside this range, by (2) and the fact that two
@' cannot intersect.
F2
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that one which C, described positively from 4, first meets; and let
d=dd,r)=d@

f the domain, with 4 on the boundary, that g cuts off [see (2)]; m(r)
the upper bound of the distance of a point of d(r) from 4. Then I say

®) m@)—>0 as r—0.

For if C;+¢ is the boundary of d(r), C, corresponds to a range of t of
type —r < t < 7'; also the extreme ¢ correspond to the junctions with
g, for which p(f) =». Therefore |¢| < L(r) on C,, and

Maxp(t)< Max p(t)—>0,
Ma.xAP MaxAP—>0 m(r) = 0.

C1+q
Observing now that
{distance of A from a point of D—d(»)} > u(®) > 0,

we choose a sequence 7, tending to O for which r,.; < u(r,). Then a
point of g,+1 = ¢(7s+1), other than an end, is interior to D, and [since its
distance from 4 = r,41 < u(ry)] is not a point of D—d,, nor (obviously)
is it one of ¢,. Hence it is interior to d,. Therefore g..1 %8 @ cross-cut
of dy. By (1) it divides d, into dy41 and another domain A,

If now P, is the mid-point of ¢., P. and P, are on free circular arcs of
the boundary of A, and can be joined by a simple polygon 8, lying wholly
in A, except for the ends. Consider the locus S;4S;+.... Its moving
point can be described by x = z(7), ¥ = y(v), where T runs from 0 to }
on 8, from % to 4 on 8;, and s0 on. z(7), y(7) are defined for 0 <+ < 1.
But since m(r,) —>0 we have z(7) >x4, y(r) >y, a8 7—>1. Completing
the definition we have a curve L', 0 < 7 < 1, from P, to 4.

Since all domains of suffix grea.ter than n are contained in d,,, and
therefore have no points common with A,, we see that S, cannot cut an S
of higher suffix. Therefore the curve is simple. We can finally join O
and P; without meeting L’.

7. Harmonic functions.

7.11. In this section we discuss the classical properties of harmonic
functions. We take for granted some results belonging to the circle of
ideas of Green’s theorems and Cauchy’s theorem.

The formula of Green is

o ﬁ (? &)dwdy j (@dz+bdy)
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where D is a domain bounded by L, where L consists of a finite number
of curves C. If in this formula we take

N, /r
b=¢'(o_‘iv a=_¢‘aaiy,

. jab } aa
and write Af = g_wfﬂ'_l_#’
we obtain
dpiy 390 _
@ ‘Un (ax oz +5§:§§)dzdy = "HD Ay dzdy

+L ‘b(%‘gd” - ay dx)

The three integrands in (2) are invariant for a change of rectangular
axes, and the last integral is written, in the usual convention,

.L¢ o ds, % denoting differentiation * along the inward normal ", and

ds the element of arc, taken so that the sense of the axes (dn, ds) is
the same as that of Oz, Oy.t

7.12. These formulae have, in any case, no meaning unless the
curves O are restricted in some way. We shall always suppose, when
there is a question of integrating along a curve C, that C consists of a
finite number of portions z = f,(8), y = f4(t) (« < t < B), where f; and
f: exist and are continuous in a < f < B, the various portions being
pieced together in such a manner that C is connected. Such a curve C
will be called an ‘‘elementary curve’’. It will be found that the
apparently ugly restriction does not in the end impair the generality of
our conclusions.

The formulae are proved in the first instance when D is bounded,
and when respectively a and b have first derivatives continuous in D’.
or ¢ has continuous first and v continuous (first and) second derivatives.
In certain important cases, however, we need not assume so much.
Suppose that ¢ has first, and Y second, derivatives continuous at every
(internal) point of a bounded D, and that Ay =0 in D; further that ¢
and ¥ have continuous first derivatives in D/. Then

® I, @R+ 5 o= o

+ The questions of analysis situs raised by §7.11 do not involve any fundamental
difficulty.
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The deduction of this from the original case proceeds on the same
lines as the modern proofs of Cauchy’s theorem. The result is valid for

an L; “‘just inside’’ L, and the enclosed D;, and H —>4U+ a8 L;— L.
’ D, D

The proof that L —>Lis the most difficult part of the argument.
L

This much we take for granted, and also the following : Suppose
that a, b, da/dy, and Ob/ox are continuous in @ SIMPLY-CONNECTED
domain D. Then if

oa _ 0b
) oy = &z

for all points (x, y) of D, we have
(5) L (adz+bdy) = 0

for cvery closed elementary curve C contained in D, and conversely.
Further, if
Ty Y
J=j (adr+bddy),
a,B

the integral being taken along any elementary curve in D, then J does
not depend on the path from (a, B) to (x, y), and

aJ_a oJ .
"= &

7.21. A function u(z, y) is said to be harmonic in a domain D if it
has continuous derivatives of the first two orders, and if Ax =0 for all
points of D. wu is said to be harmonic at a point P if it is harmonic in
some neighbourhood of P. A (one valued) function, harmonic at every
point of D, is harmonic in D (by Borel’s covering theorem).

It is well known that if f(2) is regular at 2 = z+4iy, and f(2) = u+iv
(where w and v are real), then Au = Av = 0. Thus 3f(2) and Jif(2) are
harmonic in any domain in which f(2) is regular.

We shall sometimes denote, for brevity, the point (x, ¥) by z, and
u(z, y) by u(z). (The reader must, however, guard himself from sup-
posing that u is an analytic function of z.) We shall also sometimes
denote (z, y) by its polar coordinates (r, ) and write u(r, 6) for u(z, y).

+ Practically by definition of HD.
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TrroreM 47. Let D, be a domain bounded by L, a finite set of
elementary curves, and let u be harmonic in a D containing D|. Then

ou
IL 971 ds = 0.

This is true also if L contains part of the boundary of D, prooéded that
Ou/dz, duldy are continuous in D'.
We have only to take ¢ =1 in (3) above.

THEOREM 48. Let u be harmonic in |z—z|<<r and continuous in
|z—20| < 7. Then

w(Ly Yo = %J':*u(zo-i-re") de,

Let p<r, I(p) = 2_177_‘.” u(2,+pe*) do.
‘We have
) w 0
1) 0= 5% ds = -pL a‘—P (204 pe®) do.

Since g’—; = %% cos6 +g—71; sinO‘is continuous in 2 <Lp, [0/ <™, We

ol(p) _ 1 ou ., __
T =5 ) =0

Hence I(p) is constant in 0 << p <<7; also it is evidently continuous in
0<p<r. Hence I(r) = 1(0) = u(z).

have

7.22. THEOREM 49 (Mazimum principle). Suppose that u is harmonic
in a bounded domain D, and that a constant M exists such that, for an
arbitrary e and any point P of the boundary F(D),

U< M-+e

for all points of D near enough to P. Then u << M in D, and equality
at any point can happen only if u is the constant M. A similar result
holds for the opposite inequality.

Let G (possibly + o) be the upper bound of u in D. It follows by
the bisection method that there exists some point P of D’ such that every
neighbourhood S of P gives G as the upper bound of u for points of 8D ;
let us consider the class of all points P of D’ with this property. If no P
is an interior point, some P is a boundary point. But then the hypothesis
of the theorem gives G < M+e, or G < M, while u = M at an interior
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point makes that point a P, and is impossible. If some P is an interior
point 20 we have, by the continuity of u, u(z) =G (and G < ). If
now C, of radius r, is any circle round 2, lying, together with its interior,
in D, we have, by Theorem 48,

517-‘_ J’_'u(zo+re") 40 =u(z) =G = 2—1_;_ _'GdO.
Now the first integrand does not exceed G. But a continuous function
whose average is equal to its upper bound is necessarily constant, and it
follows that u = G for all points of C. Thus (since 7 is arbitrary) u = G
in the interior of the least circle with P as centre and containing a
point of F(D). I say now that 4 = G throughout D. For if « < G at @,
we join P, @ by a polygon lying in D, and it follows by a Dedekind
section that a point B of the polygon exists, such that v = G on the
polygon from P to any point short of R, but not from P to any point
beyond R. By continuity u(R) = G; hence, by the above argument,
v = G in some circle round R, and this is contrary to what has just been
proved. Thus the hypothesis u(P) = G for an internal P involves u = G
throughout D, and then (since 4 = G near any boundary point) we have
G<M+e or G M. The statements of the theorem are therefore
true in either case.

Another proof proceeds on the lines of Theorem 201 below ; this does
not require the Dedekind section argument.

TrEOREM 30 (Theorem of uniqueness for given boundary-valucs).
Let u,, u; be harmonic in a bounded D, and let them have the same
boundary-values. That is, given e¢ and any point P of F(D), then
|up—ug|<<e for all points of D near enough to Pt. Then u; =u,
throughout D.

% = u;—u, is harmonic in D, and satisfies the condition of Theorem
49 with M =0. Hence » < 0 in D, and similarly » > 0.
7.81. Let u be harmonic in D. If a function v exists such that

e _do P
dr oy’ oy oz’
throughout D, then v (evidently harmonic in D) is said to be the function
conjugate to u. Evidently v4-c, where ¢ is a constant, is also a conjugate
of u. Conversely two conjugates of u differ by a constant (since the

t Observe that two functions can ‘ have the same boundary values” when they are
undefined at the actual boundary. The phrase is convenient,.
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difference w satisfies 1w, = w, = 0). Ifvis conjugate to u, —u is evidently
conjugate to v.

‘THEOREM 51. Let u be harmonic in a stMpLY-CONNECTEDt D. Then
there exists a (one-valued) conjugate v, given by
[/ ou ou
= en ( d!/dz—'_ a;dy)'
Also u+iv = f(2), a function of the complex variable z regular in D.

The firs#dnqrt follows at once from the last result stated in § 7.12.
For the la.stf: @»* we have only to observe that the derivatives u,, i, v, v,
are continu?swnw\sa.tisfy the Cauchy-Riemann equations in D, so that
f!(2) exists(*, ¥) f0r wing 2 of D.

It follovjf _ ‘_%‘t, (and § 7.21) that the property of being
real and hs/ §= * ~vgad~1* .to that of being the real part
of some fuis the required pro 1n a,'neiBQnudurhood of thie point.

htforward cal
7.41. ~. . 52. Let u and v be any two functions harmonic in

a bounded domain D whose boundary L consists of a finite number of
elementary curves C, and let u and v have first derivatives continuous
in D'. Then

L (u% - vg:—;) ds = 0.
For —L = ﬂ"(uAv—vAu) drdy = 0.

An important particular case of the theorem is that in which D is a
circular annulus, with centre at, say, the origin. Tf the circles have
radii 7, and 72 we have, in fact,

"/ dv Ou
5_' (u;-j; —v 5) rd@ = constant (ry < r<n.

7 .49. Consider now a bounded domain D and one special point of
it, which we may suppose without loss of generality to be the origin O.
Let r = (2?+y*3. It is easily verified that logr is harmonic except at
0. Suppose now that w(z, y) is harmonic in D and has first differential
coefficients continuous in D, and let '

h = hz, y) = —logr4ov(z, ).

Suppose, further, that D is bounded by L, consisting of a finite
number of elementary curves, and let ¢ be a small circle, of radius p,

+ If D is multiply-connected the conjugate is many-valued, with moduli of periodicity.
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round 0. Then, by Theorem 52,

< dw\ . [ .
(1) L (n5z —15%)pa0 = j = -L (ust — hit)ds.
Now on ¢ g%f~=-'--’1;-+?—:l,

. * oh BT ' Ow _ . [ _
Bpj_,”gp: do = hmJ’_w (—u+pu3)d9 = —-th_:ch -_ —271(0),

. [ ,ou
and hmJ’_'ph adB =0,

gince ph — 0 and Ou/on is bounded at O. Tglr
therefore obtain ’

L ard ;\;‘ .
@ nO), 5 (e R

Replacing now the origin by the point (a
current coordinates, we obtain :

THEOREM /3. Let u be harmonic in D, a domain whose boundary
L consists of a finite number of elementary curves, and let u have con-
tinuous first derivatives in D'. Then for a point (z, y) of D

ulz, y) = 2—;— L (u%}: —h—g’—‘) ds.

n

In particular we may take h = —logr, where t is the distance
between (z,y) and (€, »).

7.43. The Green's function of a bounded domain. This is defined
to be the function (if anyt) g(z, y; £, %), with the properties (i) g >0;
(ii) g is harmonic (in £, #) for (¢, 1) of D other than (z, y) ; (iii) near (z, y)
g.= —log r+w, where w is harmonic for all (£, 1) of D; (iv) g tends
uniformly to 0 as z tends to any point of the boundary.

It is easily shown that (if g exists) g(z,y; & ») =g(f, ; =, ¥), but
we nowhere make use of this property.

Taking h = g in Theorem 53 we obtain

THEOREM 54. Suppose that D is bounded by a simple closed ele-
mentary curve C, and that g, the Green's function of D, has continnous
first derivatives in D' with respect to §, n [for every fixed (z, y)|. Let

1 We shall not be concerned here with the existence theorem.
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h be the function conjugate to g. Suppose now that (i) is harmonic
in D, (ii) u has continuous first derivatives in D'.+ Then if U(E, 1) is
the ‘‘boundary value’ of u at a point (£, n) of C we have

_ 1 El ,vh
= o L on ds = jp U E‘s

7.44. The Poisson integral. Tt is easy to calculate Green’s func-
tion for a circle. Let the circle have the origin as centre and radius a.
Let P be (z,y), an internal point, P’ the inverse point of P with respect
to the circle, @, or (£, %), a point within or upon the circumference, p
and p’ the distances PQ, P'Q. It is a familiar geometrical fact that
p/p' =k = k(x, y) for all Q of the circumnference. The function

L g = —log p+log p'+log k

evidently has the required properties.
A straightforward calculation gives

3 _al—r _ 1 d— )
o~ ap® T a @—2arcos(@—y)+1*

where (r, 6), (a. ) are the polar coordinates of (z, y) and (£, ). We
obtain now from Theorem 34 the following important result :

THEOREM 55. l.et w be harmonic in a domain containing r << a
1 = 2’497, and let u(ae*’) = UW). Then for r<a

1 (" r
@ w= %j_,v(‘/’)P(“a" 6—v) dy,
where
2
—_— 1 2
(@) P(o, ¢) = W% Ap, ¢) = 1—2p cos p+p.

7.45. The equation (1) is called DIoisson’s formula, and u the
‘‘Poisson integral of U’. We shall have to consider the formula subject
to much less restrictive hypotheses, but at the moment we wish to point
out other ways by which we may arrive at it, under whatever conditions.

(i) From the point of view in which a harmonic function is the real
part of an analytic function f(2) we argue as follows: We may sup-
pose a=1. If |2]|<1 and we denote by C the circle 2z = ¢¥,

+ It is enough, in actual fact, if (ii) is replaced by the continuity of % in D,
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—r <Y <, we have (supposing f regular in |z|<<1)
® QTf(o)___J‘f(z)dz j fle w)_’ﬂk J {U(\,b)‘l" V(‘/,)}."ﬂi_‘k

2—z e¥i—z,
Also
f2) : Zdy _ [~ oo Zpd
0=2 ch—1/; dz ._J 3 f(eu);.n_s’zo__;_ J’_'(U+zV)2——L‘V-'—o_6_,H,

since 1/2 =7 on C. In this change the sign of i, and of the whole; we
obtain

@ o=| (U—iv) 2o

e'—z,
Adding (1) and (2) we have
®) o {u () Fiv (2} = j'_* (U‘;—“i’lQ +i7) ay,
and, taking real parts,

L J]

T Wi T
uto = g=|" Um E2ay =g [ upe, 6—vray.

(i) Proof by a transformation of Theorem 47. We shall in time be-
come very familiar with the idea that a property of the centre of a circle
in which a function is regular or harmonic can generally be asserted, in
modified form, of any point of the circle. I’oisson’s formula is such a
modification of the formula of Theorem 47.

We must observe first that, if f(z) is regular and f/0 in D, and
the equation {+in={ = f(2) transforms D (point by point) into a
domain A of the (§, n) plane, then the transformation from (z, y) to
(§, n) changes a u(z, y), harmonic in (z, y) of D, into a u1(¢, ), harmonic
in (§, n), of A. Also the conjugate v of u becomes the conjugate v, of
u;. We have, in fact, by simple calculations,

fx =Ny fy = =z f:""l: =J = :f’(z) ’ >0,
Uty = J (uge+u,y),

which establish the first part; and for the second we have only to verify
that v; = u,, v, = —u,.
Consider now the transformationt

_ $—&
@ TS

T This also is destined to become very familiar in the sequel.
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where |{o|<1. This transforms the unit circle of z, boundary included.
point by point into the unit circle of { (and conversely), and d{/dz and
dz/d{ are mever 0 (in either unit circle). Hence an arbitrary u(z,y)
harmonic in |2|< 1, transforms into an arbitrary u, (£, ») harmonic in
ltI<1

Take now the formula

0 w0 = 5 j’ u(e®) dg,
and let z = ¢* and { = e*' correspond by (4), and {, = p,e*'. We have
=% dtoge=—i(; % 4 Sdb) _
dp =2 =—idlogs = z(m-i- 1_&) = Plpg, ¥~V AV,

and (5) transforms into Poisson’s formula for u;(£o, 70).

7.51. We proceed to develop the theory of the formula subject to
more general conditions. We start afresh from a different point of view,
suppose in what follows that U = U(y) is any function (of period 2r)
integrable in the sense of Lebesguet, and consider the nature of the
function

O u= j_ UW) PG, y—0)dy (- < 1),

and whether the values U(ys) can be considered as in any sense
“‘boundary-values’’ of u on r =1.

It is evident that we may differentiate (1) under the integral sign any
number of times with respect to  and y, provided r <1. Now it is
easily verified that P(r, Y—6) is harmonic in (z,y). Consequently we
have

TaEOREM 56. If U(Y) is of class L, then the function u given by
(1) is harmonic in r <1, and has derivatives of all orders, themselves
harmonic functions, in r <1.

7.52. If we take a =1, u =1 in Theorem 55, we obtain

THEOREM 57.

2-1—75'_'P(r, —p)dy =1 (r<1).

+ It would suffice for our immediate purposes to suppose U continuous, but the extra
generality costs us nothing. We shall return to the deeper study of the connexions of 4 and
U in Chapter 3.
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This, of course, is incidentally a result in the theory of deﬁmte
integrals, and may be verified as such.

Cor. If U(Y) is of class L and U << G for all J, the function u given
by (1) satisfies u < G.
Similarly for a lower bound.

For P> 0, and so0 j (U—G) Pdy < 0.
7.58. THEOREM 58. If U(Y) has period 2r and is of class L, and
6<<1, then

e n0601=| (" ~[")vwr ro -0 ay

<A(a>(1—r)j U dp (|2—et| < 39).

Thus if z = re®—>en', I->0 uniformly in 6, and in the manner in
which z tends to its Limit (hy a path internal to r = 1).+ f

We may suppose that 6,=0. Then |z2—1]|<3d, (0| < }m, ‘and
Isinf@! < 3é. Hence |0| < (1—A4)4, and (in the ranges over which
varies in [) 46 <|y¥—60| < v. Thent

A = (1—»)+4rsin? §(y—0) > (1—2)'+ 4,8,
or, since this exceeds } for » < } and %4,8* for » > 4,
A> 4@, P<1-r4@) <2(1-740),
and the desired result follows.

Let U, (Vo) be the limit as §—0 of the upper bound of U(Y) in
U< |Y¥—yo| <8, U_(Yr) the corresponding limit of the lower bound.
The condition that v, should be a point of continuity of U is

U+ o = U-(¥y) = Uy.

+ Thus the bebaviour of the Foisson integral of U near e is affected only to the extent
of a uniform o(1) by altering the values of U/ outside an arbitrarily small interval round ¢ = 6,
(8o as to leave it of class L). Compare Theorem 83. In fact the Poisson integral of a function
U behaves very much like the function o, (8, U), the limit operation r-—»1 replacing
n—» o , and the positive kernel P (depending on 7), the positive kernel R (depending on 7).

& It is useful in tentative work to replace the function P(r, y) by its effective equivalent

2
e
where 7 =1-r (in fact the two things diffor by less than an 4).
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TreoREM 59. If U(Y) is periodic and of class L, and
u=u(r, 6) = %S:'U(\/I) P(r, =0 dy r <1,

then, uniformly as z—>ett (in r<1),
limu < ULy, limu> U_(Yy).

In particular, if o is a point of continuity of U, then

1) u—> U

uniformly as z—>e%. If U is continuous in (—=,x), then (1) holds
uniformly in Y, also, and u is continuous in r < 1.

Finally the relation “lim u = lim UQ)) uniformly as z—>e™¥"’ holds
also when the limit on the right (as V»—>v) is +® or —o.

We have, supposing U, () finite,

UW) < U.te,  {0< Yr—v| <y o,

where we may suppose ¢ independent of v, in case U is continuous every-
where.

Let U* be the function agreeing with U in |y—,| <4, and having
the value U, (¥ +e elsewhere, and let u* be the corresponding Poisson
integral.

By Theorem 58 u—u* tends to 0 as z—> €%, and with the maximum
degree of uniformity contemplated in the theorem. By Theorem 57, Cor.,
we have u* < U, (Y))+e, whence

limu < U+ (Yo

with the appropriate uniformity. A similar inequality holds for the lower
bound, and the two inequalities together establish the desired result.
The cases U, (Y9 = + © require only obvious modifications.

7. 54. TuEOREM 60. Suppose that U(Y) is periodic and continuous in
(—m,n). Then there exists one and only one function u harmonic in
r<1, continuous in r<1, and (for all ) taking the value U(Y) at

= ¢¥. This function u is given by the Poisson integral of U.

This important result is an immediate consequence of Theorems 50,

56, and 59.

7.55. THEOREM 61. Suppose that U is periodic and of class L, and
that u is its Poisson integral. Let v be the conjugate of u in r<1.
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Then v =uv(r, 6) = —l—j_ UW) QUr, Y —6) Y+,

27
_ —2rsin(y,—0)
where Q = T(r’-#_fe—)-.

For, denoting (r, 6) by z, and ¥ by ¢,

(" 242
275_'Uz—zo d\k
is differentiable with respect to 2, under the integral sign. It therefore
vepresents a function of 2z, regular in r <<1. Since its real part is

1 (" 242 1 (-

— L UR ﬁ: dp = 5 j_'UPd\/f =,

it follows that its imaginary part is a conjugate, »—C, of u. Since

Q=3€i@

2 _zo
«as is easily verified) this proves the theorem.
1 ”
Cor. Let v denote the particular conjugate 5 s__' UQadyr. Then:
4) If |U|< G for all ¥,

2G 147
lv] < T log 7.

(ii) In any case

1 2
|“|<11:Mv IUIQI—;’;,.MI-

1 "
where M, = '2';_{_,1 U|dy.
In fact, we have in case (i)

G G (~2rsingdyp _ G " _ 2G 14
|”|<2;I:'|Q|d\b<;'so—A@§—2— T[losA(¢)]°— —log 37—,

and, in case (ii),

1—1" — 1+r z+z _ﬂ
P<i=p=1—r lQI<Mx|320|=17,

whence we obtain the required results.
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7.6. General theorems.

7.61. We now apply the results of 7.5 to the general theory of
harmonic functions.

THEOREM 62. A function harmonic in ¢ domain D has in D partial
derivatives of all orders, themselves harmonic junctions.

Any point of D has a small circular neighbourhood also belonging
{when taken closed) to D ; by Theorem 55 u is equal to a Poisson integral
inside the circle, and, by Theorem 56, has harmonic derivatives of all
orders there. !

7.62. THEorEM 63. Let the functions w, be harmonic in D and
continuous in D', and suppose that the boundary values U, of u, con-
derge uniformly to some boundary function U. Then u, tends uniformly
in D to a function u, harmonic in D, continuous in D', and with boundary
function U. Also any derivative of u, converges to the corresponding
derivative of u, uniformly in any closed set contained in D. Similar
results hold for a u(z, y, t) depending on a continuous parameter t in
place of n.

We have |Up—U,|<e (m,n>ny). Hence, by Theorem 49,
Up— ' < e for m, n > ng and all points of D, and u, tends to a limit

‘anction » uniformly in D.
Consider now any circle C in D, and let the values of u, and u on C

be denoted by U, (C) and U(C). Then
U,(C) = U(O)+0(1),

0’s being uniform in the variable point of C. Inside C we have

L3

Uy = §11—r5 Us(C)Pdyr (Theorem 55)

-%

1 " 1 T
ﬂf-.L"C’Pd‘/'“a;f_,l UnO)—U(©) Pay

= S' U(C)Pdy+o(l) (Theorem 56).

2
Tt follows that L -
u= L TPy,

and hence that « is harmonic.
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Let now C have radius r, and consider C;, the concentric circle of
smaller radiua p. We have in C,, denoting by D either a@- or %,

1

@ Duy = 5-

5 U«(C)DPdy, Du= % J'U(C)DPd\p
Now DP is continuous in z, y, \,b. if (#,9) is in or upon C; and y is the
amplitude of the variable point of C; thus

i' bp } < A(r, P)
in the integrals in (1). Hence

| Dn—Du1 < = [| GO~ U@ | | DP @y = o,

and Du, — Du uniformly in C,. Since Du,, Du are harmonic (so that
the argument can be repeated), and since any closed set interior to D can
be coveredt by a finite number of circles C,, the proof is completed.

Cor. Suppose (in addition) that D is simply-connected, and that v,
18 a conjugate of u, and v a conjugate of u. Then there cxist constants ¢,
such that v,—c,—v uniformly in any closed set contained in D,

Let - 5
ny ou
2 = ® dx "d
® =l (St T )

which (by § 7.12) is independent of the path. Given any domain D,
such that D{ c D, D, can be covered by a finite set of circles each con-
tained in D, and there exists a I such that any two points of D, can be
joined by a rectilinear path lying within the sum of the circles and of
length not exceeding K. Since Du, — Du uniformly in D,, it follows

from (2) that
(E%)

ou ou
* * — — p
v.* > _‘L,ﬂ)( a?/d.c-l- a;dy)
uniformly in D;, and v} and o* are particular conjugates of u, and u.

7.63. THEOREM 64. Let u,, u,, ... be an increasing scquence of func-
tions harmonic in D. If now u, converges at one point A of D it con-
verges uniformly to a function u in any closed set contained in D, where
u 18 harmonic in D.

t In virtue of the theorem of Borel.
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Evidently Uy = i‘w..,
1

where w,, is, for n > 1, a non-negative harmonic function.

. I{et C be a circle about 4 (which we may supposé to be the origin),.
interior to D and of radius @, and let p <<a. In a circle of radius r < P
we have ‘

w0y =g WAOP(Z, y—0)dy

(in the notation of § 7.62). Now
ate
0K P =0

whence, if n>1, and so W,> 0,

wocite l " woay = 242 o,

Since ?w.(A) is a convergent series of non-negative terms, it follows that

Zw, converges uniformly in 7 < p.

It is easy to extend the region of uniform convergence to any D, for
which DicD. If Sw, converges uniformly in a neighbourhood of each
point of D} it converges uniformly in Dj, by Borel’s *‘covering theorem'’
(a finite number of neighbourhoods can be made to cover Dj). If now
there is not uniform convergence at + every point of D,, consider the set
E of points of non-uniform convergence, and let B be the point of E'
nearest to A (evidently BA = p). Clearly there exists a circle €/, with
centre at a point P of uniform convergence, lying wholly in D, and
containing B in its interior. Since Zw, converges at P it converges
uniformly in a circle just smaller than C’, and so converges uniformly in
a neighbourhood of B, and, again, in a neighbourhood of every point of
E near enough to B. This gives a contradiction and completes our proof.

7.64. TREOREM 65. (Analogue of Liouville’s theorem.) A bounded
function harmonic everywhere is necessarily a constant.

It is sufticient to prove that u(r, 0) = u(0). If Cis [z|=E>r, we

+ Uniform convergence *‘at’’ P> means, of course, uniform convergence in some neigh-

bourhood of P.
+ By this we mean, of course, to include points of non-convergence.

a2
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have, supposing [« | < K, ' . .
2r {u(r, O)—u(0)} = j: u(R, V)P (—1';— \b—o) d\[g—j:'u(R, vy,

2xlut, -0 < || P (& v—6)—1|Kay

‘o | {B*—7'} — {R*—2Rr cOS(\L 0)+°} | 2Rr+2,°
=K .L R —9Rr cos(f—0)+ 7 W < K2r=p— -

Since this tends to zero as R— o the left-hand side must be zero.

7 . 7. Functions harmonic in a circle or in an annulus.

7.71. TrEOREM 66. (Analogue of Taylor's theorem.) Suppose that
u is harmonic in r << R and v is a conjugate of u. Then

u = 3a,+ § (@s cos n0+ by, sin n6) r"]
1

e)) - (r < R),
v+4¢c = ?(—b,. cos n0+a, sin 16) r"j
where
@ an= r.:;ﬂ' j:' w(Rye¥) cos mrdr, by = w;;, j;u(Rle"") sin nyrdy,
for every R, satisfying 0 < R, <<R. The serics
(3) 2('anl+lbn|)7”

is absolutely convergent for r < R, and (1) is uniformly comvergent in
r < R—38 and all 6. Further, any expansion of u or of v4c in a scries
of the form in (1) which converges uniformlyt on (say) r = r,, necessarily
has coefficients given by (2). Conversely, if the a’s and b’s are any
numbers such that (3) converges for r << R, then the right-hand sides in
(1) are conjugate harmonic functions in r << R.

- Let Ry<Ri<<R. By Theorem 55 we have in r < R,
1 "
) w = 2_7'rj‘_ u(R,e%) P( v— 9) dy.

Since
P (12’;’ \/,_9) =142 (ﬁ)”cos n(y—6),

a series uniformly convergent in r << Rs and all ¥, 6, we may integrate
term by term in (4), obtaining the first equation in (1) for r < R,.

+ We cannot, as we can for a power series, infer the uniform convergence for r < r,~3
from the convergence at a single point on r = 7,
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Since Q= 2? (—I—;;) sin n (Y»—6)

the second equation is proved similarly.

Since R; may be arbitrarily near R the first part of the theorem is
proved. The second part is a consequence of

lan |+ 0| < ;2—,[, j’_ |utye®y | dyr < K(B). Bi™
- For the uniqueness of the series developments, suppose that
(g, 6) = Yag+ :‘:: (@ cos 20+ b;, sin 26) r},
where the right-hand side converges uniformly (in ). Then
3ab—ap+ % {(@l— a.) cos 0+ (b, —b,) sin nd} "

eonverges, uniformly in 6, to 0. We may now multiply by cos 56 or sin 26
and integrate term by term between — and =, and this gives

a,—a, = b,—b, = 0.

The uniqueness result, combined with what has been proved, shows
now that the R, in (2) is arbitrary.

For the converse we observe that Xu*(| .| 4| b.|)(B—6)" is convergent,
so that (for » < R) we may differentiate any number of times under the
summation signs in (1). It follows that u, » have continuous derivatives
of all orders, and, since r"cosnf and +*sinn® are harmonie, that

Au = Av =0 and «, v satisfy the differential equations connecting conju-
gate functions. This completes the proof.

Cor. If, in particular, R =1 and u is the Poisson integral of a
function U(Y) (of class L), then a,, b, are the Fourier coefficients of U.
If a u given by (1) has a continuous boundary function U, then a,, b,
are the Fourier coefficients of U.

If U is continuous and a,, b, arc its Fourier cocfficients, then the u
given by (1) is harmonic in r <1, continuous in r <1, and has U as
boundary function.

In particular, the Abel limit of the Fourier serics of a continuous
function U cxists uniformly and is equal to U.

. _ 1
For in u= 2—‘”1 UPdy
we may expand P in a series

(5) 1422+ cos n(yr—0),
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nmformly convergent in 7 < 1-—3§, and mtegmte term by term. This
gives

6) u = }ay+ ? (an cos n0+B,. sin n0) *,

where

m ay = -%; j' Ucos nfrdyr, Bn= 1 r U sin nyrdys,

and the series (6) is, like (5), unjformly convergent in r < 1—8. By the

uniqueness of the series development, a, = a., 8. = b.; and, by (7),
ay, By are the Fourier coefficients of U.

The last parts are immediate, since « is the Poisson integral of U
(Theorem 60),

7.72. From Theorem 66 we can deduce the following result in
general theory.

Traeorex 67. Suppose that uy, uz are harmonic in D, and that w; = us
in a domaint D,cD. Then uy = ug throughout D.

If the theorem is false it is evidently possible to find concentrie circles
C,, Ca, with radii r, and r; > 7, both entirely interior to D, and such
that 4 = u;—u3 =0 in and upon C,, but not everywhere within C,.
Taking the origin at the comunon centre we have a series development
for u within C;. But the coefticients of this series are given by (2) of
Theorem 66, and the integrands are identically zero if 0 < R, <r,. Thus
the coefficients are zero, and u = 0 in C, which gives a contradiction.

7.73. THEOREM 68. (Analogue of Laurent’s theorem.) Supposc that
0<r <7y, and that u is harmonie in a domain containing the annnlus
n<r<<r. Then foran (z,y) of n<r<<r,,

a) = w+tu,

where ) .

@ wie =5 | (s6 0 UEE —1og n 2L D)a,
8) u(z, y) = —51; L (u({-‘, ” _I%%_I_% —logR ou (£, ») ds,

C, and Cy are r =1, and r = ry respectively, and

R = y/{({—2'+0—y)'}.

1 Inthe familiar analogue for analytic functions f(s) it is enough to suppose that f, = /s
along a curve, or indeed merely at an infinity of points with a limit point interior to D. There
extensions arc false for harmonio functions.
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Further :
4) u; i hatmonic in r < ry, u, harmonic in r > r,}

(6) in (2) and (8) we may replace C; by any circle C} between C, and
@, y), and Cy by any circle C; between Cy and (x, y);

6) wu; is of the form
ay+ = (a, cos n+0, sin n@) " (r <1y,

I
where Z(|ax|+|bu|) 1 converges Jor r<nry, so that the series for u;
converges uniformly for r < rg—38;

(7) w, is of the form
klog »+ .‘?(a,’. cos n0+4Db, sin nb) r" (r > ry),

where Z (| ay|4|byl) r=" converges for r> ry, so that the serics for u.
converges uniformly for r > r,+46;

(8) the results (1), (4), (8), (7) are valid also if w is harmonic only in
n<r<r,.
Finally

(9) Any two expansions for u of the type
(10) )3 (@, cos n@4b, sin n0) "4k log r+ § (@, cos 10+ by, sin n6) r—*
1 1

are identical, provided that on two distinct circles r =1y, r =1 of the
annulus they represent w and are uniformly convergent.

The result expressed by (1), (2), and (3) is an immediate consequence
of Theorem 53. Next, we may differentiate any number of times under
the integral sign in (2) if r<<r, and in (8) if r>m. Since the
integrands are harmonic in (z,¥) in these domains we obtain the result
(4). The two results in (35) follow from the special case of Theorem 52
given at the end of § 7. 41.

(6) is a consequence of (4) and Theorem 66; but (7) is less imme-
diate. We may write (3) in the form
a1 —27u. = L‘ uf&é%li ds+log rLl %‘—': ds— L log -1-:—% ds.

Now for points (£, ») or (ry, ¥) of C,, Qﬁs%li (=' _;3_ %%) and log % may
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each be expanded in the form Xc,7~" cos n(\r—6), where X |cw|(r,+6)~"
. . ou . _ .
is convergent.t Since » and 7, are continuous on C; we may integrate

term by term in (11), obtaining the various results in (7).

Next consider (9), still supposing # harmonic in a domain con-
taining rn <r<<r. In virtue of the uniform convergence we may
multiply the expansion for u by cosnf or sin n8 and integrate term by
term on either r =1, or r=1r;. With cos 28 and n > 0 this evidently
gives two equations which determine a, and @y, and the case n =0 gives
two equations to determine k and a,. Similarly with sin 26 we determine
b« and b, (there being, of course, no exceptional case n = 0).

Finally it is evident, in virtue of (5) and (9), that we need suppose u
harmonic only in 7, << << 72 to secure the truth of (1), (4). (6), and (7).

Cor. If u is (onc-valued and) harmonic in 0 < v <<rvs then
(12 w = u;+u,,

where w; is harmonic in r < ry, 1, ts harmonic in r < 0, and

o

(18) u; = a,+ s (@, cos N0+, 8in n0) " (r < ry),
1
(14) u, = klogr+ S (ar cos nB-+b, sin n0) »=" (r > 0),

where Z(|as|+|b.))r* converges for r <ry and Z(|a)|4|0]) r™ con-
verges for all positive r.

7.74. TerOREM 69. (Analoguc of Osyood’s theorem.) Supposc that
u 18 (onc-valued and) harmonic in a neighbourhood of a point P, cxcept
at P itself, and that u is bounded in the neighbourhood of P. Then u s
harmonic also at P.

‘We may suppose P to be the origin und the neighbourhood to con-
tain r < 7. By Theorem 68, Cor., and with its notation we have, sup-
posing K to be a bound of |u| in r < 5, and integrating term by term,

| klog r+a,| = IEI;- 5;u(r, 0)dé l < K.

t If 8 = r,e%, 3 = re¥, then

V&

U8R _ 1z, 2. tog (e— ) = R (
0

5 ()7 =3(F) Tooemy-a:

log-f_—i = Qlog’-':"= —f;l; ( r-)"oo-n(lp-O).
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.. This being true for arbitrarily small 7 we have k = 0. Similarly, for
n>0, )

[awr—"4ao" | = l% Y u(r, 6) cos n0do | < —}r— Y Kdé = 2K.

Since this is true for arbitrarily small » we have a,=0, and similarly
b, =0. Hence

u=a,+ % (@, cos nB+4-D, sin n6) »™

for 0 <7 <7, andso for O L r < ry if we define u(0) = a,.
Since Z(|an|+|bu|) 7" converges for r < r; w is harmonic in r <7,,
by Theorem 66 (converse part).

7.75. TurorEM 70. Suppose that the real function u 18 (onc-valued
and) harmonic in the neighbourhood of a point P, except at P, and that
w—> 4o as (x,y) tends to P. Then u = k log r+u,, where k is negative
and u, is harmonic at P. A similar result holds if u— — o, k being
positive.

We may suppose P to be the origin, and in the notation of Theorem
68, Cor., we have to prove that a, = 0, =0. Now if, e.g., u—>+® we
have, for any large positive h,

u>h 0<r <.
Hence, for n >0 and 0 <7 << 1,
T cos cos _
Lu(li “® 16) 6 > fi b (1 525 n6) @6 = 2w,
since the factor in brackets is non-negative. Hence we have
27 (a,+klogr) £ w(anr"+an”) = j u(1 + cos n6) d0— +
as r—0, whichever sign is taken. This clearly requires a, = 0 (and
k <0). Similarly b, =0.

Theorem 70 is the analogue of the theorem that if | f(2)| > at an
isolated uniform singularity, then that singularity must be a pole.

7.76. We conclude by giving the existence theorem for a circular
annulus with assigned continuous boundary values.

TaEOREM 71. Suppose that 0 <1, <73, and let us denote the open
and closed annuli n<r<ry, n<r<r, by D and D'. Suppose,
further, that Ui(6), Us(9) are continuous and periodic functions of 6.
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Then therc exists one and only one function u harmomic i D, con-
{m:ous in D', and such that

u(ry, 6) = Ul(_ﬂ), u(ry, 6) = Uy(0).
Further, if :
Ui~ Z(a,, s cosn0+b, sinnf) (¢ =1, 92),

then we have in D,
Q) w=klog r+§uo+§ (a, cos n6+ B, sin nb) r"
1

+§ (yn cos n@-4d, sin n6) r—*
I
= klogr—+tag+u; 41y,

where the coefficients k, a, B, v, 8 are so chosen that the series (1) be-
comes formally identical with the Fourier series of U, when .r=r;
(t=1, 2). Finally

b)) Z(lau|+|Bu r, llyal |0 r "

arc respectively convergent for r<<ry, r>ry, and (1) is uniforinly con-
vergent for r1+4+d < r < 1—38 and all 6.

L

The conditions of formal identity just determine the coefficients in
(1), and in virtue of
@y, i = o, bﬂ, 1= 0(1)

(a8 n— ) the explicit formulae give at once the results about the con-
vergence of the series (2). It follows that the series for u, with r=r,
is the Fourier series, 2 (a2 cos nf-+ b,: 2 8inn0), say, of

Us (0) = Uy(0)— (% log ry+3ag) —u, (v, 6).
Since this function is continuous
u;(Ary, 6) = Z (ar, 2 cos n0-+b} 2 sin n) N

tends uniformly to U# as A—>1—0 (Theorem 66, C'or., last part). Quite
similarly, with an obvious notation,

ug(\ "1y, 6) = = (a1 cos n6+D?, 1 sin nf) A"

tends uniformly to Uy as A—1—0. It follows easily [since the series
for us(rs, 8), ui(r, 6) are crudely convergent] that

8) w(r, 62 \) = klog r+3ag+u;Ar, O)Fug(\-1r, 6)



HARMONIC FUNCTIONS. 91

tends uniformly to U; when r =17, and A— 1, and to Us when r=1
and A—>1. It follows from Theorem 63 that as A-—>1 u(r, 6; A) tends
uniformly in I to a function u*, harmonic in D and continuous in I,
and with Uy, U; as boundary values. If finally n<r<<r, (3) gives

u* =limu(r, 0; N) =k log r+3ag+u,(r, 6)+us(r, 6),
and this completes the proof.

8. The behaviour of certain special functions of a complez variable.

8.1. In much of our subsequent work it is of great value to possess
examples of all the important varieties of asymptotic behaviour. The
behaviour of each of the functions discussed in this section is in some
respect extreme. Our functions

f@) = Zayz"
are all regular in the unit circle y. The mean M,{f(pe®)} we denote hy
My(p, ), or by M,(p). Thus

1( 1A
M(p, f) = (3= L Flee[*0)  (A>o0.
We write F(p) for the majorant 2 |a,|p" of f(2).
8.2. The first function we consider is
f@&) =Zn2

".I‘hls is evidently continuous in |z |<C1, and it has the property that
3| @, * n* diverges for all positive A and e. We desc ribe f(2), for obvious

reasons, as 8 ‘‘gap-function’’.
8. 3. (onsider next the unbounded gap-function
f2) = Xn!e*mz"
Let u, = n!eé®z2"', p, = exp(—1/n!), and consider f first when p = p,.
"T'he function ¢(u) = up* is s maximum (in« > 0) when « = u, = 1/log1/p,
and @) = e 'u, It follows that |u,| is greatest when m = n. We
have, in fact,

Un—-» _u! 1 — [ —
] P =D s FD — ni=D...i—sFD F= L&),

]uﬂ nl —_— e(n+1)(n+2) (n+s) e—(n+l) (n+3) < e(n+s) 6—("+‘)<Ae-“"“)
(s=1,9...).
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Hence
) hsfe(E + gt B) Herateiber s )
e d,
f@):~iu, =€ (10871;‘)-1~1L:; = pn)

uniformly in 0 and the a,’s. Thus F(p), M (p)=|llla.x If|, and B, (p»
tl=p

are all asymptotically equivalent to e~'(1—p)~' as p—>1 through the
pr. On the special circles p = p,, in fact, there is complete dominance
of the series Za,2" by a single term.

It is easily seen that for other values of p f is dominated by at most
two terms. Suppose, in fact, that p. < p <pu.+1, and of the two terms
Uny Uns1 1ot 2y, sy, have the greater modulus!: |uy1| =ajunl, 0 <o < 1.
Then we can show, much as above, that

(2 + = )lu,,.l< |t |,

m<n  m> >n+l
whence

@ |F1 = lua) | 14ae™ | +o( un ),
where v = (n4+1)!—n!. From (1) we have

@ M ={l1+otoM}ul, Flo)={1+oto} ua,
/
Ma(p) = | un| (%r j"_ | 1+<mfv+v“1*de)1 * Folun)).

By change of variable from 6 to 6/v the coefficient of |u,| is

(= 11toempan)” = Mg,

where ¢ = 140¢¥. Nowif o <1,

1 1 (~ =1 .
log Mo(¢) = B -g;rj"log(l-l-o'e“) a0 =% é;j E(—-;)—— o"e"dl = 0 .

-

and so [Theorem 1, (10)] M,(¢) = Mo(¢) =1 (QA>0). Since M x(¢) is

+ Bince in any case |u,| = e~!n! it follows that the greater term is largc.
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continuous in ¢ for ¢ <1 when A>0 we have also MA (¢) =1 for
o < 1t. Hence, finally

3 Mi(p) > {140} un] A>0).
It follows from (2) that

“) My(p) > G—e) M(p), M(p) ~Fl(p).

A precisely similar argument shows that the results (4) hold also if
|#ns1|>|ta]. - They hold therefore as p—1 through all values.

8.4. Our next function is
— ~fl,_ 11"
f&)=(1—2) {z log 1-—2}

where a = 0, and 8> 0 if ¢ = 0, so that f is unbounded in y.
We write B for A (a, 8). We shall show first that, as n—»> o,

(1) a,~ Bn*~Y(logn)?  (a>0),
2 a, ~ Bn~(logn)f~! (a=0, 8> 0).

It is enough to prove (1), since if a =0,
1 p-1
Zn+p) anz" = of'(@)+Bf(2) = B1—2)~" {7 log ﬁ}
and na, ~ (n+B)a, ~ B(logn)f~! by (1).
Similarly, by repeated differentiation, it is enough to prove (1) when
a is greater than any convenient constant, in particular when a > | 8| +41.
Let now

r=e'", f*=(01—2)"" 1—log T= 1 }p

f(z) dz
c zn.+l ’

We have a, = %s
i

where C is the circle | 2| =r. Our argument is, roughly, that f and f*
differ trivially on a certain part of C of length large compared with
1—r (but not too large), while the contribution of the rest of C to a, is
negligible. This reduces the problem to the simpler case 8 =0. As
it is on these grounds that the results are intuitive to the expert a
proof based on them is perhaps the right one; the details, however,
seem a little awkward (and the experienced reader will omit them).

t This also follows at once from Theorem 208 below, in virtue of which 31, (p, ¢) is an
increasing function of p, and so M, (p) = M, (0).
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Let C, be the part of C for which|68|< (1—»)log {(1—7)"1} =4, C; the
remainder. On C,

6] 1=z = 1—=r+i040{6(1—») !} +0(6%,
= o1 o,
01) it |8] < 31—n)
log —= = .
P17 |o(og log 115) it 20—n < [0] < A —nlog| (1—n}

1
logm = {140(1)} log 1—}_—7,

and so, since z/r = 14o0(1),

@) f@) = {140Q)}f*(2).
On the other hand, on C,
1 1 e 1 1 1 1 1
e s+t 71°8| _l—zl |.< 7 Hrler <dlgi—,

r1 \Is
®) LF1 [ f* <B(logl—-_-—r) |1—z|-=.
We now have, since »r "=e << 4,

‘%_ 1 jf*(z)dzl -1” (f—=f)*dz

27t Je 21 | T 9w Pk

<A 1/=r1a04+4 ] (51415 as.
©) <o (Lllf“lde) +B(I°gil—r)lﬂjc,ﬁ:-
Now on C; we have, by (3),
= | g s

L‘,l 1—z|~*df ~ Y_n{(l—r)’-l—e’}“‘de = 2£

_ 2(1__’)1_. .lox{l/(l—r)} (1+:c')""da;

(" ~ 2(1...,-)!-«]: = B(l—n'"",
since a > 1.
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OnC,
_ (r|ein@|> 46|, 10|<§T'
i1—z]> { 1 10]> 3 >4]6] (6[<gm), |
40 - , . N lea 1 -8
R !
since a—1>|8].

From (5), (6), (7), and (8) we conclude that
1 *(2) d; e 1\? -
'%-mjaf?@ril =o[a—n (log 1Z5) ] = o= togmy.

g
Since %r; L = (—;1— log i_-!——;') X [coefficient of 2 in (1—z)~*|

I'(n4a)
~ (ogn)* me T

we obtain finally the desired result (1).

~ Bn*~'(log n)?

The means M,(p) may be approximated for by rather similar argu-
ments. We can, however, deduce their behaviour from that of «,. In

fact
J == j \(l—z)“‘ (— log —— 1 IdO

=_-j | Sene® 240 = 2| o, p2»

where Sep2® = (1—2)~ (7 log %_Z)M-
It a<l, Z|c,i? is convergent and J < B for all p. If a =1 and
=t <BB<-1
J = BE{1+oM}n™ “°g”)s”“{~13 (1og T—i—p)m(ﬁ> 1.
If a>1,
9 J = BZ{140(1)} n**(log n)Pp™

o B
~Br u*~*(log w)Pe~* du = Bt"“j v*? (log v+log -%—) e~>dv,

t This is proved by a comparison with the integral

J' %~ (log u)® p** du.
See (9) below.
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where ¢ = log—;:— ~1—p. But

2t 1\
a—3 -2r
m””v O(log t) e *dv

- ogh1 /¢ 1 . 8 |
— a—2 —_ -2
L _ﬁ v ({1+o(l)}log t) e ”dv+j
+L: d(v")c‘g”(lla.
D t '
The first term on the right-hand side is '
l . a—2 ,—2 1 8
{l-l-'q(l)}'(log t) Lv e 'dv~B(log—t-) ,
and the remaining terms are small compared with this, so that finally
-~ —_—pn)l—a ‘ _1__ 8
J ~ B(l—p) (logl__p).

The integrand in My(p) has indices Aa, AB. We may therefore sum
up as follows :

10) M\p)<A(a, B,A) for Aa<1l or Aa=1, NB<-—1,

1 \B+1A
Al M) ~ A, B, N (log-l-—;—P) Ma=1, \8> —1),

a2 M) ~ 4G, B, NL—p) (log ) (> 1.

-p
The exceptional cases omitted in this section require further analysis

(and lead to repeated logarithms). They have little practical importance,
and it is not worth while to pursue the subject further.

8.5. We consider next ‘‘Weierstrass’s non-differentiable function’’,
f(2) = Za™2",

where a is an integer greater than 1, and ¢ a real constant. Here also
we shall not elaborate results beyond the requirements of our applica-
tions.

If ¢ <0, f(2) is continuous in y.
For ¢ > 0, we prove the following results :
) [fl< 4@ 1—p)"
(@) Given ¢ >0, then if loga > Max(2, 8¢c™Y) there exists a sequence
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P ,;,, ... tending to 1, and such that |f|> A(a, c)(1—p)~° for p = py (and
all 0).
For (1) we have, writing B for A(a,c), b =loga,

8y = apt+d+...+a, = Za™ < BMaxa™ < B(n+1)°

"<

| £ | < Zanp™ = (1—p) Lsup™ < (1—p) BE(n+1)°p" < B(l—p)~".

Consider now (2) ; we take p, = exp (—ca~") and show that for p = p,,
the series for f is dominated by a single term.

If u, = a2z, we have

Tnoe e Pp M =M (s=1,2, ..., n),
Unts a® (' —1)
7:'— = ¥ p¥ -1 = gxpchs—c(e”—1)} < exp(—3cb’s®) < exp(—3}cbs)
Hence (s>0).
Ll>1-3 |- § || > 1o -
I Un = 1 IEI Up :§l Un >1 1—e~ - 1—e #
e~ e 1—2e ¥ —96%" 1—2e F—2¢°
>1 1= T—e ™ 1—e 1—e~®
_ 4
= 2> 4.
Al || = Ba™ = B(1 1.)° B(;)°
80 U,| = Ba™ = og—) ~B{\—) .
& 1—p

8.6. To prove our next results we require two lemmas.

Lexya y. For s=o+ti, oy <o < oy t>1 we have
|T(—s)| < Btle™!, B = Aoy, o9

This follows easily from the well known asymptotic formula for
log I'(s).

LeMuMA 8 (‘““Mellin’s integral’’). For 3y >0, « >0 we have

-y ) N il 2z
eV =g I'(—3) y'ds.

—x—{w
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‘We have, with the contours marked in the figure,
(— )

=
— | I'(—s) y*d 2
27 Jay+ @)+ @+ (—o)y'ds = m=0
@_ nedsiT
e
-K }ﬂl"t
W
S prs -
Fig. 1.

the right-hand being minus the sum of the residues at s =0, 1,
‘We now fix n and make T'— o . It follows at once from Lemma vy that

—x+10
j tends toj and j , j tend to 0. Thus
@) @ J@®

—x={w
L —x+4{0 [ (_y)m 1 n+§+i0 _ , _
2‘”'5 i % m! ~ 9 juﬂ- ‘o T'(—s) y’ds = R,.
Now
| D(—n—3—ti)| = | L= 2]r(3'—tz)|
Ho(—m—i—ti) '
= ;?‘, |ITG—t) TG+ |
=2 (=) A e,
v = ! (coshvrltl) <ger

Hence, writing y = ne*, where |¢|<<4m, we see that the integrand in
R, has a modulus less than

+
.4# g-lm=18DIt]
n!

It follows that R,—0, and this proves the lemma.



SPECIAL FUNCTIONS. 99/

8. 7. Weierstrass’s function satisfies the following identity.
If b =loga>0 (but a is not necessarily integral), Wy >0, c is real
and not zero or a negative integer, then

eyt — L 27N\ ey 3 (Y
@ . Zame= I T(c+2] ) yreonm— § ey

Let y = ne*, |¢p|<<in. Consider now

106, M = 51 [ 2528 4

taken round the contour of the figure, s, being the point —c+2rxi/b. In
this we first make M — . On the horizontal boundaries

lt|=h=@M+1)7[b, |yl'<<ne'¥ <Kel¥,
|T(—s)| < KhEe-i < Ke~E¥,
where K’s are independent of M and o [K = A(b, ¢, x, 7, ¢, N)];
a*** = exp {b(c+o) £ b(@N+1) wi/b} is real and negative.

sl‘il
sM
N+l
-k 9| o N e
Sn
S

Fig. 2.

Hence the integrand has a modulus less than Ke~*¥ and the integrals
along the horizontal boundaries tend to 0. Hence, also, the series of
residues at the poles on o = —¢ converges at each end.

On the vertical boundaries |1/(1—e°**)|<K and the integrals

converge absolutely (when taken to @) with the integral of Lemma 3.
H2
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We have, therefore, taking account of the residues in the rectangle,
1 (I—:Hu —_5N+§+1eo) I\(_s) y‘ds .,

27 N+j—iw 1—a***

- -{00

N __')n 1 = D) ) —e—Cwin
= S i + 5 ST (o 257) oo,

In this we now make N—>w. Since 1/(1—a***) <1 for o = N+ > A4(c),

the integral along.o = N4} tends to O in virtue of (1) of § 8.6, and we
have

. _ _L —x+{o I‘(_s) 3[‘ds
(2) J= S‘N:j’—x-{o 1—act®
— 1 metio 2 cn n\s
Now J = 2—1";“'_‘_‘” ”2=‘.0 a™(ya™y'T(—s) ds,

and in this we may invert the order of the operations s and X, since

SE |a™(ya™)'T'(—sg)||ds| = j’ Za~ k- gKe=# | T'(—s)| dt

exists. But this leads at once, by Lemma 8, to
8 J = Zate~v",
and from (2) and (3) we obtain the desired result (1).
8.8. We can now discuss our last special function. We prove :

Given 8> 0 and a real c 5= 0 satisfying |c| < }t, then

f(z) = 2@, 2" = In-igtnlogn on
satisfies »

. ’ _ bc..i
1 f@) = & @n° CF@y)+,
Jor 2= pé", |0| < 7, where
loga =b=2xB"", y=o+h, ¢=PLRexp(—1—687Y,
s ; . o= ﬁ_lt 108(1/[)),

t The assumption |¢| < } enables us to avoid some minor complications, The important
values of ¢ are small positive and small negative ones,



SPECIAL FUNCTIONS. 101

V- 48 a continuous function of p, 6,1 p <1, |0| < x, and
Fy) = Saew,

Evidently t lies between two constants of the form A(B), ‘and
¢ —>0 uniformly in  as p—>1. We suppose first 3 < p <1, so that
o <AP). Now we have as n— ®, the constants of O’s being
independent of O(or ¢), o, 7,

055 = 0ot o4 2525 s (259
= (e+557) +o(3)}
= g—iripy—t h
X exp { (c+ -2"Tm) [logz—l;'-r +logn+$ri+ 5:—:; +0 (%2.) .._1] 40 (_;1;)}

) = ¢~ ipin-t

X exp {?blr'i/nlogn— 7'bin+ -2{- (loggbl—l) ntc log?’+%wci+0(%)}

g = e (o4 35 oo 145

= exp { — (c+ ngm) [log t4-3mi— —":—' +0(d")]}

@) = exp {57 2% n—2T inlog t—clogt—fmei-+ O(a-)+0(a’n)}.

From (2) and (3) we obtain, after a little ‘rearrangement,

T (G + _2_7"5?_7_7') y—e—(ﬂr{n/b)
= ¢~ 1" (Q7) bA—t—°nf 1 P08 (o)™ axp {0 (%) + o)+ O(cr’n)} .
@ = ¢~ ( Q) b=t Can 2"+ 0" H0, ",
where

| vu|<K|exp {0 (71{) +0(0');|'0(0"n)}-'1| = K|°wan,—'1|-" _

We show now that oL C
(5) n-d| v, | p" < Kn~3  (uniformly in p <1). '
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We have o < K log(1/p). Hence for n v = (log 1/p)~* we have
o'n < K(QogLl/pl, |wa| <K, |val<K|wal,
and so |on| < En2 4Kyt < Bn¥;

and (5) follows since ¢ < }. If, on the other hand, n>v and 1—p > K,
then v> K, and p = exp(—v~t) gives

n*=# g | p* < exp (—nv~t) exp(K + Ko'n) < exp (—mv~4EK+EKv¥n)
< exp (—EKnv~V+K)
< exp(—Knv ) < Kn~%

Thus (5) is proved for 1—K < p<<1. The rest is easy. The series
En’-ip,p" is majorized by KZn~%," and represents a continuous func-
tion ; and since o < K, and so |y|<<K, the series

(="
n!(@**—1)

S=23

i« also continuous. Hence, since #* is continuous and lies between two
constants A(B), it follows from the formula of §8.7 that (1) holds
subject to the condition p > 1—K. But when p < 1—K, and 80 o > K,
the functions f(2), F(y) are clearly continuous in (p, 6). The result
(1) holds, therefore, without restriction.

If now we select a as in § 8.7 we deduce the following results con-
cerning the behaviour of f(2) = In*~¥g#n18% ;n;

Given a real ¢ 50 subject to |c| <} there exists a B = A(c) with
the following properties :
(@) If c>0 then
If@|<4@1—p)" (»p<1)
on the one hand, and on the other there exists a sequence (p,) tending
to unity and such that
|f @] > A@)A—p)~°

for p=py and all 6. In this case all M\(p, f) are unbownded,
and, indeed, of the same order; and this can occur with a function f
Jor which |a,| = n-1+,

(b) If ¢ <O then f(z) is continuous in p < 1. This can scour for a
Junction with |a,|=n"t"% -
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CHAPTER 1.

The contents of this Chapter are almost all classical. It ends with
the theory of the conformal representation of *‘schlicht’’ domains in
general ; but much of the earlier part has great intrinsic importance.

9. The mazimum modulus principle.

9.1. Terorem 101.t—Let f(2) be regular in a bounded domain D.
For each point £ of the boundary suppose that, for some & = 8(e, £),

|fl<M+e

for all z of D in |z—¢| <d8. [We call these * conditions (A)”.] Then
|fI| <M in D, and equality does not occur unless f is a constant.

[N.B.—f is defined only in D, i.e. at interior points.] The proof is
very much like that of Theorem 49. Let G, possibly =, be the upper
bound of |f| in D. Consider the class of points P such that every
neighbourhood S of P gives G as upper bound of | f| in SD. The bisec-
tion argument shows that there exists at least one P in D' (not neces-
sarily in D). Suppose now no internal point is a P ; then some boundary
point ¢ is, and since | f|<< M+s in some neighbourhood of ¢, we must
have G < M. Since evidently | f|< G at all interior points [equality
makes z a P], we have also |f|<<M. )

I prove now that if an internal point is a P, then f = C, a constant
in D, and |C|=@G. This will complete the proof, since every £ will be a
P, and so G < M as before.

Suppose an interior point z, is a P. By continuity |f(z)|= G,
say f(z) = Ge*. Then

foo = o= | fatrenas,
where |2—2,} << r is any circle round 2, lying entirely in D. Thus

1"
G_%j et £ d,

-

+ The theorems of Chapter I begin at number 101, those of Chapter II at 201, and
so on, The sections are numbered consecutively.
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Since |e~* f|< G and | f| is continuous we must have | f|= G on the
whole circle. If now f(zg+re") = Ge¥,

— 1 (" qh6- -_G_f' -
G_2w£ Ge d6—27r , cos (p—a) db,

and the same argument shows that cos (9—a) =1 on the whole circle,
and so f = Ge'. . Bince r is arbitrary, we have f= C = Ge' = f(z)
in any circle round 2z, lying in D.

Suppose now f is not equal to C everywhere in D, say f== C for
2z =1#. Join z, 2; by a polygon, and let { be determmed by a Dedekind
section, so that f = C on the polygon from z, to anything short of {,
but not from z, to anything beyond {. By continuity f({) = C. Hence
by the above argument f = C in a circle round {, and this is false.

An important particular case of conditions (A) occurs when f is
continuous in D’ and | f|<< M at all boundary points.

COROLLARY 1.—The result of the theorem is true also if f is regular
at each point of D and | f| is one-valued in'D.

CoRroLLARY 2.—If f5£0 tn D there is @ minimum modulus principle.

We have only to consider g =1/f.

CoROLLARY 3.—If f is regular and never zero in D, f is continuous
in D', and the boundary values of | f| are everywhere constant, then f
is constant in D.

By Corollary 2 | f| is not less than its boundary value anywhere in
D; hence |f| attains its upper bound at an interior point and f is &

constant.
Corollary 3 becomes false if the condition f 5= 0 is omitted.

9.2. The réle of Cauchy’s theorem in the above proof.

1. The theorem is used only in the case of a circular contour within
the circle of convergence.

9. Its use is avoidable. It is enough to show that | f| cannot be a
mazximum at an interior point of D, unless f is a constant. If f is not
constant, and the point is the origin, we have

f=aptcaz"+..., ¢aF0,
Let & be small and positive and let z be a root of the equation
1) 2" = dag/ca.
Then lfl = (149)| a [+06) > | a|=|A0)]. -
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It is instructive to compare the problem of proving the fundamental
theorem of algebra without using Cauchy’s theorem (or an equivalent).
This problem, too, reduces, on the above lines, to the existence of a z
satisfying (1), and is substantially equivalent to the existence of & solution
of the equation z*=1%. This last existence theorem can be proved, if with
some difficulty, by purely elementary reasoning.

9.3. The following argument has a certain interest in spite of
requiring assumptions more stringent than (A). Suppose D bounded
by a contour for which Cauchy’s theorem is valid, 'f continuous in D’
(and regular in D), and | /| << M on the boundary.

(i) Let z‘o be interior to D. Then

el =gk, [ L@

Z""ZO

S 2w 276
where L = length of C, & = distance of z, from C.
Make n—> o : . | fle) < M

(ii) Suppose | f(2))|= M : to prove f constant. We have

1 d L ..
lnf‘"(zo)-f'(zo)l=|§;@-L(‘£_z—43 < g™
Hence | f e < == 5 6" M and n—>w gives f'(z) = 0.

Let F=j#* Then F"=n(n—1)f*2(f+nf*1f", and so
F'(z) = nif@@}* ' f ")
21!
b= ey | = | )| = |5 [ %
['(z) =0.

Similarly f"'(z)) =0, etc., and f is a constant.

21 L
<218“M‘

9.4, TEEoREM 102.—Let f(z) be regular in a bounded D;
|f|<M+e for some neighbourhood of each boundary point, ezcept
for o finite set &, ..., &n; | f |<M' in D. [Conditions (B).] Then
|fI< M in D, and | f|<M unless f is a constant. .
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Let d be the diameter of D; o >0. Let
_— = p(2=£
=of, w= H( 7 ).

& is regular at every point of D [in D if D is simply connected], and
| @ | is one-valued in D. The same things are therefore true of . Also
|or]<<1, 80| ¢|<|f], and |¢| < M+e in some neighbourhood of any
¢ other than & £. Also

¢l | fldc|e—L ) K MAF <eK M+e

it | s—¢.| < & and 6 = 8(e, o) is suitably chosen. Hence |¢|< M+e in
some neighbourhood of each ¢, and ¢ satisfies the conditions of
Theorem 101, Corollary 1. Hence

l¢|< M in D,

|f|<M(mf”T£'-l)' in D.

Fixing 2 and making o — 0 we have |f| < M. By Theorem 101 f is
constant if | f|= M at an interior point.

9.5. Strip-theorems.

9.51. The principle of the argument of Theorem 102 generalizes as
follows :

THEOREM 102a.—Suppose that f is regular in D, and satisfies
| fl< M+¢ for some neighbourhood of each § of the boundary, except
for £'s of a set E ; and that a function w(z) exists, regular at every point
of D, and not identically zero, for which |w(z)| is one-valued in D and
satisfies |w|<1in D. Suppose finally that for any given positive ¢ and
o the inequality |o? f | << M+« is satisfied in some neighbourhood of each
§of E. Then |f|<M in D.

g = o°f satisfies the conditions of Theorem 101, Cor. 1. If 2, is an
interior point, not a zero of o,

lged | <M, | fle)| < M|w(zg) |~

and | f(z) | & M by making o —0. Tfz,isa zero of w it has points 2,
not ‘zeros of w, arbitrarily mear it; |f(s) | < M, and so | f(s)]| & M by
continuity.
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9.52. Theorem 102¢ has applications to the theory of functions
regular in infinite vertical strips. We nowhere happen to use these
applications, but they have great intrinsic interest, and we shall digress
to discuss them.

THEOREM 103.—Suppose

(i) f is regular in a half-strip a <z <PB, y>n, or D;

(ii) | f] < M+e in some neighbourhood of every (finite) point of the
boundary ;

(iii) f= O (exp {e*!*/®-)}) wuniformly in D, where § < 1.

Then |fl<Min D.

Remarks. (1) The strip is the transform of & bounded D with one
exceptional ¢, § going to ®.

(2) As against Theorem 102 we assume a highly specialized boundary,
with a cusp at o, but, on the other hand, much less than |fl=0Q).
There are other compromise theorems.

(8) The theorem is more or less best possible. The example
a=—3}m, B=13r, n=0, f=-exp(e*), shows that ¥ =1 is not per-
missible; here |f|=1 on ¢ = +4}m, |f|=exp(e) on z=0.

Proof.—As often happens, the critical case gives a clue. Let u, 8,
be as above, >0, g = fexp(—oe ") = fo", where ¥<k<1.
Clearly || <1 in D. As y—>®

g = O(exp[¢*!*'—oe™ cos $kr])  (uniformly in z).

Now ¢°!*l—ge cos 3kr <L WM —ge® cos §kr — — @  (uniformly in z),

gince %> 9. Hence g—0 uniformly, and so |g| < M+e (y > y'). The
theoremm now follows from Theorem 1024, transformed to the case
L=,

To carry out the details, not using Theorem 1022, we proceed as
follows. Let 2o be a point of D. We can choose H so that |g(2) | < M+
on y = H, and may suppose H >y, =37 Bince |«’| 1 we have
now |g|<< M+« in some neighbourhood of every boundary point .of
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the rectangle, therefore |g| < M at z = 2o by Theorem 101. That is,

| flao) | < M| e ™).
In this we make o —0.

CoroLLARY.—Suppose (i) and -(iii) hold, and f is continuous on the
boundary; f=0@w", O@@") on z=a, B. Then f=0(y°) on z=y,
uniformly in vy, where ¢ = py-+q and px+q is the linear function that
tsagtz=candbatz=4.

We may suppose 5 > 0. Let ¢(2) = f(e)(—2i)~#*+9 = fJ,, regular
in D, continuous in D/,

| ¥ | = | y—iz)trera=im]

= |y—iz["**Dexp (py 3 log y—Tu- )

140(2)[ e -3 403

= y D g% { 140 (i—) } (O’s uniform).

o y-(w+q)

Thus ¢ =0(1) on £=a, z=2, and, of course, on the bottom
boundary. B8ince ¥ = O(y*) = 0(|#|*) condition (iii) holds for ¢ if 9 is
rechosen. Hence ¢ = O(1) uniformly in the strip, whence the result
for f.

A similar theorem holds for O{(log y)*?}, ete.

9.58. TrroREM 104.—Suppose (i) and (iii) hold, and f is conlinuous
on the boundary. Also thet im |f|< M onz=aand 2=pB. Then
y—> o

Iim| f| < M uniformly in the strip.

Jf is bounded on the boundary, therefore, by Theorem 103, in D’.
Suppose #>0; and let H=H(e) be the ordinate beyond which
| fl<<M+eon the edges. Let h be a positive constant, g = f2/(z4hi).
In any case|z/(z+hi)|<1 in the strip; we suppose further h = h(H)
chosen so (large) that

lg| <M+e on y=H

{this is possible since |g|<«|f| < K). Then g satisfies the conditions of
Theorem 103 in the strip above y = H. Thus |g|< M+4¢ in this strip,
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and E |9| < M+e, uniformly. This gives Im|f|< M+4et since
z/(2+hi) —>1 uniformly (in ). Hence iim |f| << M.

Cor. 1.—If, subject to (i), (iil), and the continuity of f on the
boundary,

[a T = a,
1o 2=8,

where a, b0, then Lm| f| < ™1 (uniformly), p and q being
y—>w
chosen so as to make the right-hand side a at a and b at B.

Im| f| <

Consider g = fe~ (o,

Cor. 2.—If f=0Q1) on 2 =a, f=o0(1l) on £ =, then f =o(1)
mz=yif a<y<B.
We may take b=¢ in Cor. 1, observing that e**¢ (for fixed )}

tends to 0 with e.
This ends our digression.

9.61. The conjugate function F(z). Suppose F(2) is 1egular in D.
We define F({), for a { of D, to be the conjugate of the number F({).
Then F({) is a regular analytic function of { in D. TFor it is evidently
one-valued ; also if { =7, {+6¢ = z+3z and so 6 = dz,

FE+60)—F¢) _ Fato)—F@)
8¢ = 3% ~>Fe)

(by reason of the existence of the corresponding limit for conjugates),
and F is differentiable at {.

9.62. It is convenient to take here a proposition quite unconnected
with our immmediate topic.

TaEOREM 105.—(Schwarz’s continuation theorem, or ‘‘symmetry
principle’’.) Suppose the domain D has a segment of a siraight line
AB as a free part of the boundary (i.e. if P is between A and B the whole
interior of some semicircle about P lies in D), and that D lies wholly

t Not M. It is M+ e that plays the part played in Theorem 108 by M: the domain and ¢
depend on e.
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on one side of the complete straight line AB. Suppose that f is regular
in D, is continuous (in D') at points of (AB), and takes real values on
(AB). Let us define

f@, for zin D+4(4B),
the conjugate of f@, for zin D.

Then F is a regular analytic function in D, = D+D+(4B).

D and 7 here denote reflections in AB. 'We may, however, suppose
AB the real axis, so that D, 2 have their usual meanings. D and D have
no common point.

F is regular in D, as above, also continuous (in D)) on (4B).
It is enough to show that F' is regular in some circle about every P of
(AB); for it is then regular at every point of D, and one-valued, by
definition, in D;. Let us then draw a circle C round P in D;. Let

F(z) = {

1 ( F@ds
$0 = 5 jc z—§’

a function regular in the interior of C. Let C,, Cy be the perimeters
of the upper and lower semicircles (including the diameter). If now
{ does not lie on the real axis

, _ [ Fde Fdz
2“9‘@’—!0‘?—‘:4@:——;-

If ¢ belongs to the upper semicircle, j = 2mi F({), since F' is regular
a

inside €, and continuous on the boundary, and ¢ is in C,. Also j =0,
G

since F/(z— {) is regular inside C, and continuous on the boundary.
Thus ¢({) = F({). Similarly this is true when { is in the lower semi-
circle. Hence ¢ and F agree in the interiors of C, and C,, and so, by.
the continuity of F and ¢, also on (AB). Thus F is identical with ¢,
& function regular in C.

9.7. THEOREM 106.—(Another mazimum modulus principle.) Let
f(2) be regular in D, F(2) in D. Let y(2) = f() F@) ( 8 defined in D,
but is mot analytic). Suppose  satisfies conditions (B) in D (i.e.
|y | <M+ in some neighbourhood of every ¢ but a finite number, and
|| <M). Then

| /@ ¥@ |=|y|< M in D.

Let g(2) = f(2) F(2), evidently regular in D and satisfying a <;on-



MAXIMUM MODULUS PRINCIPLE. 111

dition of type (B). We have |F()|=|F®@|, |Y¥|=]|g|< M, by
Theorem 102.

Cor.—In the theorem z and z, D and D, may be reflections in any
line.

9.8. We propose next to explain an important method ; this will be
grasped most easily if we take a concrete example of its application ; the
example has no very special interest in itself. Consider the rectangle
R of Fig. 8, in which we suppose b > a.

D 3
a R
c
Fig. 8.

Suppose f regular in R, continuous in R’; | f1< M on the whole
boundary (therefore also inside), | fl<m<<M on AB. Then in the
(isosceles right-angled) triangle AEB

|fl < 2m,
Let 2z, be any point of the triangle,

£ = ple—19) = $(©),
¥O =TI,

so that Y() is a regular function of 2 in the dotted square. On each side
of the square one of the ¢’s has modulus << m, the others moduli < M.
Hence |y | < M®m, in the square. In particular,

[0 | < Mm,
i.e. | flz) |* < ALBm.

Cor.—We may suppose conditions of type B (M+e and m+te)
instead of continuity in R’
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For another example see Fig. 4. At any point 2z, such that a rotation
« round it creates a region bounded only by m-arcs, we have

[flep) | < &/ (Mm).

Fig. 4.

In’'such problems we can also often employ Theorem 106. Thus, in
Fig. 5, suppose ACB an m-arc, AEB an M-arc. If the reflection of
D, in AB lies in the original domain, then | f| < +/(Mm) on AB, and
80 in D,.

Fig. 5.

Take F=f and D= D,+D;+(4B) in Theorem 106. f(2) and
F(2) are defined in D. For a 2 of ACB, |f()|<m, |f@|<<M

| f@) f@)| < mM. Similarly for AFB. Hence | f(2) f@)| < mM for all
2 of D, in particular for 2 of AB, where z = 2.

10. Some classical theorems.

10.1. TuaroreM 107 (‘‘Schwarz’s Lemma’’).—Let f be regular, and
|fISMin |2|<R; f(0)=0. Then

|fI<Mz|/EB (s]|<R).
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In particular this holds if f is regular in |z|<R and continuous in
[2]<R,and |f|<Mon |z|=R.

We may suppose M =1, R=1. ¢(z) = f/z is regular in the unit
circle y (by Osgood’s theorem). Given r<<1, take p such that r < p < 1.
on |z|=p |¢@|<1/p. Hence |¢(2)|<1/p also for |z|=7.
Since the left side does not depend on p, we may make p—1; thus

lsl<1, |Fl<]2l

Cor.—Let f(z) be regular, |z|=p, and | f| < V¥ (p) in y, where  is
increasing and Y(0) > 0. Suppose also f(0)=0. Then

|fI< Ep¥p) (0 <D,
where K is a constant, which may be taken to be 2y-(3)/Y¥(0) = K,.

For p>4 |71 <pv 0o < 209 (0) < Kop ().
For p< 4,
| fle] < Max| flz| < 2Mox | f| < 29 B) < 20 Y)Y O).

10.2. THEOREM 108 (Hadamard’s ‘‘three circles theorem’’).—Suppose
nLra< rs; f regular and | fI< My in |z|<rs; | fISMyin 2|y
(oron |z|=r). Then

<M (2]< ),

—log 2 log 2, 1-9§= _'l/ 7
where 9 =log 'r, / log et 1—9%=log " log !

Consider f(z)z~* in the annulus (7, 75) and apply Theorem 101,
Cor. 1, choosing A so that Mri* = Myry* =pu. We get, for | 2| = re
|fo=* | < m, My < urd, and this is the desired result.

10.3. TrEOREM 109.—Suppose f(2) s regular in |z|<r.
B < U (2] <), f0) = ay=B+iy. Then for |2]=p<r we have

- 2(U—
o=l < XE=22,  |mp—p) < 202,

We have 8<< U. Moreover, since the desired 1esults are true by
continuity in the limiting case U = B8 if they are always true for U>B,
we may suppose U—B>0. We may further suppose ao = B+iy=0.
We suppose then f(0) =0, 8 f< U, U>0. We may suppose also r=1.

The values of f are confined to the half-plane Bw < U; also f(0) =0.

1
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What function w = g(z) conformally represents the z-circle on the
w half-plane, and 2 =0 by w =0? It is ‘

2Uz
9 =<,
Take the inverse function
=9 _
Z@) = g—2Uu’
and consider
1y o(s) = Z{fe)} = f_‘gLU

Conformal representation theory shows that « is regular in |2|<<1 and
|o|< 1. But without appealing to this, let us define w by (1). Then,
since R(f—2U) < —U <0, » is regular in y, and if f= u+w, we

have
_ Yl
lol= \/ ((2U—u)’+v’)
and s0 |w|<<1,since 24—u >|u|. [Consider u >0, u < 0 separately.]
But «(0) =0. Hence, by Theorem 107,

ot | < 12,
- = 200
f@=glo@} = -2,

<< 1L,

10. 4. There is an alternative proof, giving more.

TrEOREM 110 (Borel).—Suppose f(z) = Za,z" is regular in y and
RIS U. Then |a.| <20, =2(U-B) (> 0).
For 2=1reé% r<1,

f= ,B+z-y+2(ﬁ,+z-yn)r“(cosn9+@smnO) P(r, 0)+1iQ(r, 6),

P =84 208,. cos 70—y, sinn6)7*, uniformly convergent in 6.
Hence ,
@ . amB= j:'PdO,

7w B = S:’P cosnfdl, wrty,= —ﬂ' Psin nOdb,
2) T, = J:'Pe"‘“ dé.
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(i) Suppose U = 0. Thgn 0<|P|+P<2U. From (1) and (2),
" 2w
| a,n|<j: |P|d6 = L (| P|+P)do—2=8

< r'(zU) d0—978 = 2@U—B) .

Make r—1: la.| < 202U—B),
the result with 2U for U, and under an additional hypothesm

(ii) This can be amended. @ With the original hypothesis let
fl= f —U. Then R <U' =0, B'=B—U. The extra condition
in (i) is satisfied, and (i) gives

laa| < 2.{2.0—-B—D)} =2(U-B),
the full result.

(iii) An alternative device. Let f,= f—a,. Then B fi < U,
U, =U—~B>0, and we have to show |a.|< 2U,. Here f; = P+iQ,
where

@ 0= j: "pdo,

Ty = rPe"'“ ao.
(1]

Let now « =arga,; then
3 2
Tt |ay | = wrtaeT = Y Pe~m+a)igy — So P cos (n6+4a) do,
0
since the left side is real,

= S%P{1+cos(n0+a)}d9, by (8),
[

< ﬁ' U,{1+cosm+a)} d8 = 27U,

as before.
To see that Theorem 110 includes Theorem 109 we observe that

17601 < Fo) = Zlanlp" < |20 | +2T—B 4"
(iv) 4 junﬁtion-theory praof of Theorem 110.
Let f, =“§a,z", BfH < Ui We“ha.ve to show |a..‘l <2U;. Asin
the proof of Theorem 109, we have for | |= p>0, ot

|f1|< ].‘-p
12
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H ence (ﬂ) 20]
. s —p’
As z— 0 the left side tends to @,, Hence
l all < 2U11

the result for the special case n = 1.

Now let & = ¢**'/*; then

k-1
.3_ Z fiw's = z an?™ = g,(#" = g,(2).

The series for g, is convergent for |2|< 1, and so for all Z for which
|Z|<1; g1 is regular in |Z|<1. Since g, < U, we have
| coefficient of Z | < 2U,,
|ax| < 20,
We record finally the following deduction from Theorem 110 ;
Cor.—Suppose that f(z) is regular and

B{f@—fOI T,

2Ur
—p)?

in |z|<r. Then

|f'(2)|< (z|=p<n.

‘We may suppose r =1, and the result follows from

17| < Enlanl o < 8T Znpr,

10.5. There is another result of a slightly different kind. In the
first place we have

THEOREM 111.—Suppose f(2) regular in

2=z  f=Pr, $+iQwr, ¢) (3= xy+re").

Then J'eg = g—rﬂtP(r, Ple~tdgp.
We have
) fa) =5 ) Lo ‘i’j:, o J:'(P+iQ) % dg.

Also 0= m Lf(z)d: = -2_1-1' j:(P-HQ) edg.
In this we change the sign of i and add to (1), obtaining our result.
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From Theorem 111 we deduce at once
TeEoREM 112 (Schwarz).—Let f be regular and |Bf|<C in

[z—=2| < 7. Then
[f' (a0 | < 20

10.6. TrEoREM 113 (Vitali).—Suppose that we are given a domain D
and a sequence (f,) satisfying :

(a) f, is regular in D for each n;

(b) fa is uniformly bounded in every D' ;

(¢) fu— a limit (necessarily finite) for each z of 2., 23, ..., an infinite
sequence (of different 2's) in D with at least one limit point z, in D.
Then there exists an f(z), regular in D, such that

f' - f, f?) - f(”).
uniformly in any D'.

It is a consequence of (a) and (b) that f, is a continuous function
of 2 in any D., uniformly in n. In fact, let a be the distance of D' from
F (D), and let 2, 23 be two near points of D'.. We have | f,|<K for
all z of D distant more than §a from F(D) and all n. Hence, if

|2;—2| < 8 < }a
and C is the circle with centre 2, and radius }a,
(1) )] = %, ] 02z - 25) 4
—zal J I [ df
§—2)(—2)
|gy—zg| (" K.3adl _ 4|z,—2|K
< 27r’j_, *a.}a T la’
<e,

if 8 <}ae/K. Since n is arbitrary this gives the desired result.

I say now, abandoning uniformity for the moment in our conclusions,
that for every z of D f, tends to a limit f as n— = (through all values).
If not, there exists a 2* of D at which f, does not tend to a limit, and we
can find two subsequences (1)), (ny) through which f£,(s*) tends re-
spectively to two values differing by ¢ 0. Let ¢,(2) be the difference
Jut@—f,(®); a8 r—> o ¢.(2) tends to zero at 2 =z, and fo c at 2z = 2",
By Theorem 5, Cor. we can find a subsequence of (r) through which
¢-(2) tends to a limjt function ¢ in D, and uniformly in any D_. By
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& theorem of Weierstrass ¢(z) is regular (in any D_ and so) in D. Since
¢(2) =0 at an infinity of pointe z, in the neighbourhood of 2 = 2% it
must, by a classical theorém on the identity of two analytic functlona
be identically zero, and this contradicts ¢(2*) =c.
Thus fu,—f in D. Also f is continuous, as the limit of a uniformly
continuous f, [“|Af| =lim|Afs|<< e (|A21<é)™]. If now the con-
vergence is not uniform in every D' there must exist a k > 0, an infinity
of values of n, and corresponding points {, with a limit point { in D,
for which d.({.) > k, where d.(2) =|fu(2)—f(2)|. But since f is con-
tinuous and £, uniformly continuous at {, d,({) and d.(,) differ by
arbitrarily little whenever {, is within a distance 3 (independent of n) of {.
Therefore d,({) >3k for large n of the sequence; and this contradicts
So©—=>f(©. Thus fo—f uniformly in any D_. Hence finally, by
Weierstrass’s theorem, f is regular (in any D’ and s0) in D. Our results
are therefore proved so far as they concern f,. The results for the p-th
derivative fP may be proved in the same way [the argument -at (1)
being available, with obvious modifications]. They may also be deduced
by Weierstrass’s theorem (since every D. is strictly interior to some
other one) from those for f,.

It would be convenient to have some short symbolism for ‘‘f, con-
verges to a regular f in D, and uniformly in any D.”. “f,—f
uniformly in D"’ is open to the objection that it has already a meaning
other than the one we intend (and incidentally a false one). [The
objection is not absolutely fatal, since we practically never need to
assert uniform convergence (in the ordinary sense) in an open set, and
might alter its meaning without much fear of confusion.] A purely
symbolical assertion like *f,—f (V) in D” becomes uncomfortable
when the fact has become very familiar that *f, —» f(V)in D” is a
necessary consequence (by the theorem) of “f,—f in D”. We prefer
to use merely “f,—f in D", and, having once strongly directed the
reader’s attention to the point, expect him hereafter to read into the
assertion all the consequences of it implied by the theorem.

10.61. An alternative proof of a special case.

Suppose (i) f, regular and uniformly bounded in D, a circle.
Gi) fo—f wuniformly in d', a concentric smaller circle. Then f is
regular in D, and f,— f in D, uniformly in any D",

" By hypothesis we have for n, m > v(e),
| |6|=|fa~Ful <e=M; Gn ).
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Also || <2K =M, (in D).
We may take D to be | 2| < 7, <17y, d' to be | 2] < 7, D to be | 2| < 7,
Theorem 108 gives

M, < € (2K)'-?,

9 depending only on ry, 7,, 7,. Since this tends to 0 with e it follows that
| fa—fm| <e in D_ for n, m > V().

Hence there exists an f such that f,— f uniformly in D’, and then f is
regular in D’ by Weierstrass’s theorem.

The general theorem also can be proved without the selection prin-
ciple, but (if we are to take the simplest proof) not on these lines.

10.7. TreoreM 114 (Montel).—Given a sequence {f.(2)} of functions
regular in D and uniformly bounded in any D., there exists a subsequence
fu(2) and an f(2), regular in D, such that f,,—~fin D as v—> .

Take any 2, in D, and a sequence z, z, ... tending to z,, The
double sequence f,(z,) is bounded ; hence, by Theorem 5, we can select
a subsequence f, such that, for each z,, f., (zs) converges to a limit as
v—® . The desired result follows by Theorem 113.

11. Preliminary results on conformal representation.

11.1. TeEoREM 115.—Suppose that f(z), not a constant, is regular
at z=a, and that f(a) =b. Then f takes, mear a, any value mear
enough to b. More precisely, if 2 =a is a zero of f(2)—b of order n
(exactly), then for every sufficiently small s there exists an r, tending to
0 with s, and such that for every c satisfying |c—b | << s there are exactly
n solutions of f(z)=c in |z—a|<r.

Suppose that a = 0, and that for small z

f—b=a*tara" 4., 1>0, a,*0.

For all small »
[@pir2™ 4. | < E|aa]r (2z|=1).

If now s = | a.|r* and |c—b| <3, then f—c = F+¢, where
F=a,s", ¢=b—0+@un2""'+..),
and, on |z| =1, [l < dlas|l™ |9/FI<i<L
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Round |z|= » we have
A arg (f—c) = A arg F+A arg (14-¢/F) = 2nwr+0.
Hence f—c has n zeros in |z|<r.

Definition.—A function is called “‘schlicht’ in D if f(2) #0in D,
and f(s,) # f(2) for distinct points ¢, 5, of D. Or: if f()—a =10 has
never more than one solution (counting multiplicities) for 2 of D.

TaeoreM 115, Cor.—If f is regular at 2, and f'(z) =~ 0, then
there exists a neighbourhood of z tn which f is ‘‘schlicht’’.

Here n=1. If 2, is near 2o, the value f(2;) is near f(zo), and cannot
be taken twice near 2.

11.2. TaEoREM 116.—Suppose that f is regular and “‘schlicht’’ in a
domain D. Then the values w= f(z) “‘fill" a domain A. Also there is
a function ¢(w), the inverse of f, regular and “‘schlicht’” in A, whose
values z fill D. If D is simply connected, so is A. (Thus there is com-
plete reciprocity.)

If E is the aggregate of values w, and w, a point of E, it follows
from Theorem 115 that all w near enough to wo belong to E. Hence E
is an open set. E is connected, since if w, = f(2)), w; = f(2) belong to
E, so do the w = f(2) corresponding to z of a polygon in D from 2 to 2,
which w lie on a curve. Thus E is a domain A, possibly multiply
connected.

If now w is a given point of A, there is a unique solution z in D of

w = f(2). We define
z=¢(w) @ in A),

and have to prove (since ¢ is certainly one-valued) that ¢ is differentiable
in A; then evidently ¢ is regular and ‘‘schlicht’’, and its values fill D.
Now Theorem 115 shows that ¢ is continuous at a w of A (for a value
near w is taken by f mnear 2, and can only be taken once at all). Hence
if 2482, w+dw correspond by f, 8z tends to zero with dw. Then

dz _ , [ow 1
'317;_1/8:_’7(;) as odw—0.

Thus ¢ is differentiable in A.

That A is simply conmnected follows from the one-ome continuous
correspondence with D.

When f, ¢; D, A are (reciprocally) related as in Theorem 116, we
say that w = f(2) gives the ‘‘conformal representation of D on A", and
£ = ¢(w) that of A on D, ‘ o R
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Cor.—f need not be ‘‘schlicht’. In this case, however, A must be
taken on the appropriate Riemann surface; ¢ is multiform on the simple
w-plane.  Reciprocally f need not be uniform, if D is on & Riemann
surface, and then ¢ is mot ‘‘schlicht’.

[Omit the word ‘‘schlicht’’ in Theorem 116, and interpret ‘‘regular’
in the usual conventions for Riemann surfaces. The details involve the
usual treatment of branch points. Developments of this kind, however,
we systematically omit. ]

11.3. THEOREM 117.—Suppose that C is a closed contour, D its
interior ; and that f(z) is regular in D and continuous in D'. Suppose that,
as z describes C in the positive direction, w = f(z) describes a closed
contour I' once. Then (1) I is described positively, and (2) w = f(z) gives
a conformal representation of D on A, the interior of T'.

D and A are simply connected. After Theorem 116 it is enough to
prove (1), together with

(3) Given z, in D, wy = f(zp) lies in A;

(4) Given w, in A, there exists a z, in D, and only one, for which
wo = f(zo).

[For after (3) and (4) f is ‘‘schlicht”’, and its values fill A.]

Suppose z, is a point of D, and let 4 = f(z). We have

£6) Bcarg {f(@)—f(e)} = Ararg {w—f(z)}.
The left is 27 times the number of roots of f = f(2o) in D, or at least 2r.
Hence u cannot be an exterior point of A, or the right-hand side would
be zero. If u were a frontier point of A, i.e. & point of I', f(2) would take
near 2o all values near u, and so would take values that are exterior points
of A, which we have seen to be impossible. Hence u is an interior point
of A, (5) holds, and the right side is +2r according as I' is described
positively or negatively, while the left side is not less than +2«. Hence
I' is described positively. Thus (1) and (3) are proved.

Finally, if w, belongs to A (and so f 5 wo for z of C),
) "Agarg | f(e)—wp} = Ar arg(w—wy) = +2x,
so that there exists one and only one z in D giving f(2) = w,. This
proves (4).

Cor.—In Theorem 1186, to a closed contour C, lying in D, its interior,
and its exterior (in D), correspond by the transformation respectively a
closed contour Ty in A, its interior, and ils exterior; and C,, I are

described in the same sense. .
The transform of C,, having no double point, is a closed contour.
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11.4. Lamma 1.—Let f(2) be regular and ‘‘schlicht’’ in-D. To a
sequence (z,) tending to 2 in D corresponds a sequence (w,) ténding to w
inA. To a sequence (z,) in D with one or more points of the frontier as
limit points corresponds a sequence (w,) in A with one or more points
of the frontier as limit points (but the frontier points need not corre-
spond point by point). To a closed D. corresponds a AL, frontiers
corresponding point by point. Finally the distance d{A', F(A)} tends
to zero with d{D., F(D)}. All these results hold also reciprocally.

The first part is obvious since f(2.) —> f(2), a point of A. The
reciprocal of this, and the reciprocals of all other proved results, are,
of course, immediate.

If the second part is false, then every subsequence of the w, tends
to a w interior to A, and by the reciprocal of the first part the z-sub-
sequence corresponding (therefore an arbitrary one) tends to a z interior
to D, which is false.

In the third part, to (the interior of) D_ corresponds a domain A,, and
to the frontier of D_ must correspond, point by point, that of A, ; since, if
2o belongs to F(D.), f(2) takes, near 2,, values belonging to A,, and others
not belonging to A,; and reciprocally. Finally, every point of F (4,)
being interior to A, A} = A+ F(D,) is interior to A.

If the fourth part is false, there exists a sequence D, with
d,=d{D,, F(D)} tending to zero, and a corresponding sequence A,
such that each F'(A,) contains a w, distant more than d > 0 from F(A)s
The w, have some limit-point w, necessarily interior to A, But then,
by the reciprocal of the first part, the corresponding 2, have a limit-
point 2z of D, and this contradicts d,— 0.

Nore.—It is not proved, nor is it true, that if 2 tends to a 2 on
F(D) then w tends to a (unique) w on F(A). ’

11.51. Theorem 117 is important in applications in which we are
given D and A and have to find an f; it is enough to find a regular f
that behaves correctly on the boundary C.

The domains we have been considering are bounded; we often
require, however, the function representing a given D on a half-plane.
Following the usual rules of thumb we might expect the following
modification of Theorem 117 to hold (and it is often naively appealed to
by mathematical physicists) :

(A) Suppose that C is a closed contour starting from and ending at
£ =a, and that f(z) is regular inside C, and continuous on C exzcept at
£ =a, while f—> o (uniformly) as z—a in D. Suppose furiher that
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a8 z describes C, w = f describes the real axis from —oo to 4. Then
w = f conformally represents D on II, the upper half-plane of w.

This proposition, however, is simply false. Let f(2) =#(142)/(1—2);
w = f(z) represents |2|<<1 on II, and as z describes |z|=1, starting
with z =1, f increases steadily from —w to @. Consider now ¢ = /3.
¢ increases steadily from —w to @ as 2 describes the circle, ¢ is con-
tinuous on the circle except at =1, and ¢—>o as z—1. But if
Fw, > 0 two of the cube roots of w, lie in II and are values of f, so that
the value w, is taken twice by ¢ (in y); and if Fw, <0, one cube root
lies in II and ¢ takes the value w, once. ‘

It is desirable, of course, to have a true form of (A) with the minimum
of extra hypotheses. We give three such forms.

11.52. Sufficient extra conditions under which (A) is true.

(1) There exists a w,, not real, such that f=w, in D. (We shall
see that Fuw, is necessarily negative.) It is easily verified that (if w, is not
real) {=1/(w—w,) describes a certain circle T' (interior A) as w goes
from —o to o, that the transformation represents A on that half-
w-plane in which w, does not lie, and that I' is described positively o¥
negatively according as w, does not or does lie in II. Consider now

{ = ¢@) = 1/{f()—w,}. :
It is regular in D, and continuous in D’ (including z=4a). As 2
describes C, f describes —® to o, and { describes U, once. It follows
by the main theorem that { = ¢(2) represents D on A. Also that T is
described positively; so w, #8 not in II. Then, combining the trans-
formations, we see that w = f(z) represents D on II.

In the remaining cases we suppose, but purely for simplicity, that in
the neighbourhood of z=a, C consists of two analytic curves-C’, C”
meeting at a.

Suppose pq is an arc of a small circle with @ as centre, joining C’ and
C", and lying, except for p, ¢, in D. Then (A) is true if :

(2) As z describes a pq near a, f describes a curve lying in II, or
more generally, describes a curve not cutting a fixed curve A, where A
“extends to o', and never cuts the real axis of w. [Actually A must
lie in II, though we need not assume this explicitly.]

- Dengte by C, the contour C modified by the cutting out of a by pq,
anﬂ\ let ¢ be a point of A. As z describes C,, f(z) describes a closed
(but not necessarily simple) curve I, mot cutting A. Now
Ac arg (f—§) = Ay, arg (w—§) = 0 for sufficiently distant £ Also the
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left side is a continuous function of & except for £ of I';, and is also of
the form 2nr except for £ of I';. It is therefore zero for all {, since
¢ never lies on I'. Hence, for any fixed §, f=¢ in D,. Binee D,
differs arbitrarily little from D, f3£ £ in D. We may therefore apply
case (1). .

[Nore.—We cannot, in the special case, argue directly that w = f
represents “‘D;’’ on a ‘‘TI;’’ and take the limit, since I'y may not be gimple. ]

Finally : (A) is true if :

(8) f is defined in a complete neighbourhood of o and satisfies

f~cz—a)™ <A<} as z—a;

in particular it is true if f has a simple pole at z =a.

Suppose ¢ =0, and let arg (¢2—a) =argz=46. Then

arg { z—a)f} =\ argz+targ f

is, near @, A+ (2m+1)r on C, and A6+2n7 on Cs;. Since these must
tend to limits arg c42pr we see, (1) that C; and C; must have tangents
at @ (which, of course, we are already assuming), and (2) the angle a
formed at @ has a magnitude (2k+1) »/A. Since a 27 and A < § We
must have k=0, a = «/\. 8Since further A > %, a is positive and less
than 2x. We draw a piece of a straight line L bisecting the com-
plementary angle at a. Now for any z of L and any 2z of D

lim| arg f(z)—arg f(z) | > Ar—}a) = A—P= >0

a8 7, 2—>a. Hence f(z)# f(2) if z and 2 are confined to a circle of
some radius r round z = a, to which we suppose L confined. Then, in
the notation of case 2, the transform of pg does not meet the transform
A of L. Also for distant w of A we have arg w = £ 4= nearly; hence
A, beyond some point, does not meet the real axis of w. We can
now apply case 2.

11.53. Another problem presents itself : suppose z = a is replaced by
g= . This, however, is trivial. We have

THEOREM 117, Cor. 2.—Suppose C is a curve, extending to  at both
ends and simple, and let D be one of the domains into which C divides
the plane. Suppose f is regular in D and continuous in D’ (except for
g=ow) and f—>1 as z—>o in D; further that, as z describes C,
w = f(2) describes a (bounded) closed contour I' once. Then w = f(z)
represents D on A, the interior of T '

" There exist points z = a exterior to D. Then z = 1/(z—q) trans-
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forms C (plus the point 2 =) and D into a bounded closed contour C,
and its interiort D, and f(2) into f,(2;) say. By the main theorem
w = f1(2,) represents D, on A.

12. The theory of the linear function
az+d
cz+d’

12.1. This theory is important in the sequel, and we break off to
give a systematic account of it. { is regular except at 2 = —d/c (and
not excepting z = ). Also { is ‘‘schlicht’’ in any domain. The inverse

(=L = ad—be = 0.

function
r= df—b
—cl+a
is regular except at { =a/c. If we make z2=0c0 and { =a/c; 2= —d/c

and ¢ = o correspond we have a one-one correspondence between the
2- and {-planes. (If ¢ =0 the points » correspond.)
Let 2/, {'; 2", {" correspond. The equation is then
72—z
72— z"
In what follows we shorten the discussion by appeal to geometry (see
Fig. 6). Let 21, 23, 2s, 24 be four distinct points of a circle. Then

(A) =m {': 1 m a constant.

BTH T e ATH _Ta e
23—323 Ty | 4—% Ty

z,
Fig. 6.

+ Interior or exterior, and the latter is impossible since « corresponds to s = s,
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Since a =B or 748
2—2 /z!—z, =
23—2] 2,—2g
is real, and A=~ 1 if 2;, 2, are distinct.

Conversely, if the cross-ratio is real the four points are concyclic.
Now the cross-ratio is the same as that of the corresponding {. Hence
z-circles correspond to ¢-circles, and conversely (straight lines are re-
garded as circles).

Let us now represent {-points on the 2z-plane. (We then speak of
“‘invariant’”’ points, curves, families of curves.)

12.2. The fized points of the substitution. These are given by

{=2zo0r

cd+(d—a)z—b = 0.
with roots z;, 29 say. If a =d, b =c¢ =0, we have the identical substitu-
tion ; every point is fixed. Rejecting this there are two roots or a-double
root, reckoning .2 = o as a solution if ¢ = 0.

Suppose first z,, 2, finite and distinct. We denote by K a circle
through z,, #; by K’ a circle with z,, z, as inverse points. The K’s
go into circles through 2z, 2. The sheaf of K’s therefore trans-
forms into itself. By the angle-properties of a conformal transformation
the K''s, being orthogonal to all K’s, transform into circles orthogonal
to all K's, i.e. into circles K/. The sheaf of K'’s is invariant.

We have now to distinguish three cases.

1. Every K transforms into itself (not, of course, point by point).
The intersection of a K’ and a K transforms into the intersection of the
new K’ with the same K. We may think of the transformation taking
place by each point moving along the K through it into its new position.
The K's are the ‘‘tracks’ of the transformationt. This type of trans-
formation is called hyperbolic.

2. Elliptic. Ewvery K' goes into itself. The K'’s are the tracks.
8. Lozodromic. The general case : neither (1) nor (2).

Normal forms of the transformation. Let z and z; be two points on
a K, 235+ 2, 2. Then

@ el ot o Y e k=

2—23] 23—2zg $s—2q°

+ The transformation depends on a continuous psumetor a (besides s, #5). As this is
-varied the tracks come into being,
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Incase 1, 2, 23, 23, {s lieon a K. Hence

=2 _  $—2
Pl e (a real, & 1),

Hence the normal form is
. mg-_—f:l (a real, =£1).
2

2—2, é—
Conversely 1f a is real and == 1, this equation makes 2, {, 2,, 2, lie
on a K.

Case 2.—Here 2 and ¢{ lie on a K’. Therefore

2=z | _ ‘ §=2
z—zg| |~
ETE f____; (¢ real).
The converse also holds.
Case 8.— ne® f;'_fj

(x> 0; ¢$0 (mod 27) and u=£1].
Suppose next 2z, = w, 2, finite. The forms become

48] 2=z, =a(l—2) (areal, 3=1). (“Expansion” about 2,.)
0] z2—z = e¥({—2z) (¢ real). (Rotation about z,.)
(9) 2—z = pe¥(—2) (PpF£0 and wz£1).

In (3) the invariant curves are logarithmic spirals (loxodromes). For
suppose z; = 0, ue” = ¢**%, The curves z = et (—0 < ¢ < 4+ @)
are invariant (if a is & real parameter). For if { = e*+(**07 the trans-
‘formation becomes ¢ = T+1.

Finally suppose 2, = z;. This substitution is called parabolic.

(a) 2, finite. The K’'s become circles with a common tangent at
21, and the K”’s circles with a common tangent at 2, normal to the first.
‘The normal form is

1
2=z f

(b) If 2, = o, the K and K’ are orthogona.l sets of parallel lines.
The transformation is

. g={+b ('0),
a translation.
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12.38. The general equation of linear transformation contains three
. arbitrary complez constants, and we can transform any three points
(and their circle) into any three points (and their circle).

Inversion.—The points ¢ and 2z are inverses in the unit circle if
{=1/2. The transformation {=1/z (from 2z to {) is a ‘‘conformal
transformation with reversal of angle’’.

LemMa 3.—If 2, #/ are inverses with respect to K, then for a linear
transformation ¢ and {' are inverses with respect to K', the transform
of K.

For K and the system of orthogonal circles to it through z and 2’
transform into K’ and the orthogonal circles to it through { and {'.

Inversion in a straight line is a reflection.
ExaupLe.—To find all linear transformations of Jz > 0 into |{|<< 1.

The inverse of z in the real axis is z, that of { in the unit-circle is

1/ If

is the transformation, then 2z =8, y correspond to { =0, @, inverses
in the circle. Therefore 8, y are inverses in the line; y = 8. Alsoz =0
must go into a point of the unit {-circle. Hence a/c = e'" (7 real). Thus
the transformation must be

— wt=B
) {=¢ B
Finally 2 = 8 goes into { =0, and B8 must belong to the upper hali-
z-plane.

Conversely, if 8> 0 (1) does what is required. For |{|=1 for 2
of the real axis, and arg { increases by +2x as z goes from —ao t0 o :
the result follows by Theorem 116, Cor.

There are three real constants implied in =, 8, which we can use to
make three points of the line and three of the circle correspond. If the
triplets have the same sense arg { must increase by 2x as z describes the
real axis positively, we must have I8 > 0, and J#> 0 corresponds to
[f]<<1. If they have opposite senses then JB8 < 0, and the lower half
z-plane corresponds to the {-circle. We can also make { =0 correspond
to a given 8 (FB>0) and a direction OT at the centre of the circle to
& direction at 8.

To find all linear transformations of a circle (and the interior) into
itself.
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Let the circle be |z| < 1. Write the general transformation

_ 2—a
(= YBi—1-

a must be in the circle. Since { = 0, { = ® must have an inverse pair
as correspondents, we have 8 =3a. For z=1 we must have |{|=1,
hence

= 1—al _
L=lyllz=x|=IvI
Hence the most general transformation is
2—a
2) §=e"az__1 (r real, |a| < 1).

12.4. LemMa 8.—The transformation (2) transforms the interior of
the unit-circle into itself, and the exterior of the unit-circle into itself.

‘We use inversion, and the Jast result.

It follows without difficulty that we can, in a linear transformation
of the unit circle (and interior) into itself, make three points of the
boundary correspond to three others, provided the triplets have the same
sense; or we can make one internal point and a direction at it corre-
spond arbitrarily, and either condition determines the transformation
uniquely.

12.5. We end this section by proving

THEOREM 118. (Generalization of the symmetry principle).—Suppose
two arcs of circles AB, a8 are free portions of the boundary of domains
D, A. Let f(z) be regular in D and continuous (in D’) on AB, and let
{ = f(2) represent D on A, AB, af being corresponding arcs. Let D*, 2*
be the inverses of D, z in (the circle of) AB, and A*, {* those of A, ¢ in
aB. If now { = f(2) (for z of D) gives {* = ¢(2*), say, then ¢(z*) is
a regular function of 2* for z* in D*, and is the continuation of f across
(AB); f is further regular at points of (AB).

If v = f(2) represents a domain Z on V, and w = ¢(v) represents V
on W, then w = ¢{f(2)} represents Z on W.

By linear transformations we can turn AB into the real axis of z,,
and of into the real axis of ;. Then 2* (qua 2-point) becomes 7, {*
becomes {;, and ¢ = f(2), {* = ¢(2*) become {,= f,(2), & = ¢,Z). The
functions fi1, ¢: are related as in the original Theorem 105, and we
obtain the general form by transforming back.

It is the ‘‘symmetrical’’ value of the function when continued that
gives this theorem its great importance. The rather different question
of the conditions under which some continuation is possible is, however,

K
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also important, and can be answered completely. We therefore dis-
cuss it here (though it is alien to our present ideas).

CoroLLARY. Suppose that a free arc AB of the boundary of D is
an analytic arc without singular point, that f(2) is regular in D, con-
tinuous (in D’') at points of AB, and that w = f(2) lies upon an analytic
arc without singular point in the w-plane as z describes AB. Then
f(2) can be continued across AB.

An analytic arc AB without singular point is a curve for which, in
some parametric representation z = 2(t) (t real, t, <t <ty), z(t) is
a regular function of ¢, and 2'(t) 3= 0, at all points of the interval
(t1, t5). Consider any point 2o of AB; we may suppose that this corre-
sponds to the value t =0. By Theorem 115, Cor., the transformation
2 = z(t) transforms the neighbourhood of 2, into a neighbourhood of
t =0 in the t-plane, and must therefore transform the piece A'B’ of
AB included in the neighbourhood into an interval of the real axis of &.
Similarly the transformation w = w(r) (associated with the parametric
representation of the w-arc aB) transforms the corresponding piece of
af into an interval of the real axis of 7. Further [since 2/(t)% 0, and
w'(7) 3£ 0 near z,, wo], both transformations have (regular) inverse trans-
formations, t=1(z), r =r(w) respectively in the neighbourhoods of
%o, wo. To a neighbourhood of 2y bounded (partly) by A’'B’ corresponds
a mneighbourhood of ¢t =0 bounded by a piece of the real axis, and
similarly for o'’ and the r real axis. The equation 7 = [ f{2(t)}] = ¢(t)
makes ¢(t) real for small real ¢; hence, by the original symmetry prin-
ciple (Theorem 105), ¢(t) can be continued across the real axis near
t=0. It follows that

J@ = w[g{t(2)}]

can be continued across AB near z = z,.

13.1. We resume now, after the interruption of section 12, our dis-
cussion of conformal representation in general.

TeEoREM 119.—If the conformal representation of a simply-
connected D on a circle d is possible at all, it can be effected with a given
point and direction in D corresponding to a given point and direction in
d; or, if the representation is one of D' on d', the boundaries, supposed to
be closed contours, corresponding point by point, it can be effected with
three points of the boundaries (the same way round) corresponding
arbitrarily. Further, either of these conditions uniquely determines
the representation.
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COROLLARY.—A conformal transformation of a circle into itself is
necessarily linear.

The first part is now obvious : the new representation can be made
via a linear transformation of the circle into itself.

If two distinct transformations exist with the same set of conditions,
we obtain (by combining one with the inverse of the other) a non-identical
transformation of the circle into itself with an invariant centre and direc-
tion there, or three invariant boundary points. This is impossible. Sup-
pose first that { = f(2) transforms the unit circle into itself, with
f0)=0, f'(0)>0. Since |f(2)|<1 for |2|<1, and f(0)=0, we

have |¢z|=]fl2] <1 (Theorem 107).

In particular (z =0) | f/(0)|<1. But z=g({), the inverse transforma-
tion, is of the same type; hence [1/f/(0)|=]g'(0)|<1. Hence
| f1(0)| =1, f(0) =1. But now | f(2)/z| takes at z =0 its upper bound
in |2|< 1. Hence, by Theorem 101,

f(2)/z = constant = a; = 1.

If, on the other hand, a non-identical transformation T of the unit-
circle into itself leaves three points of the circumference invariant it
must, by the above, change the position of z =0 or the direction of a
line through it. The linear transformation L that restores them changes
the boundary triplet (having only two fixed points), so T'L is not identity.
But TL is of the type just considered, and we have a contradiction.

To deduce the corollary we need only observe that there exists one
transformation, and a linear one, that transforms the centre and a direc-
tion there in the same way as the given one.

THEOREM 120.—The representation of a bounded (‘‘schlicht’t)
domain D (not necessarily simply connected) on a domain A is, if possible
at all, uniquely determined by the correspondence of a point and direction
in D with a point and direction in A.

The proof of the special case does not extend, and we must start

afresh. It is enough to prove :

If w = f(z) represents a bounded ‘‘schlicht’’ D, containing the
origin, on itself, with f(0) =0, f'(0)=a >0, then f(z) =z.

Let C be a circle, radius r and centre 2 = 0, containing only points
of D. Write f., for the inverse of f, fu=f(fa-1)s f-u=Jf-1(f-r-1)s
fo=12: all these have the same domain D of existeace, and

| ful < M = Max|z].
@

{ A ¢ gohlicht ’’ domain is one that does not overlap itself.
K2
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Hence, by Cauchy’s theorem,

@) |20 | < p! Mrr,

Now it is easily seen that Jfa(0) = a* (for n of either sign): (1) (with
p =1) therefore requires a =1. But then, unless f = z, we have in C

f=24a,?+... (ay,50),
and so Jo=z2z+na,2?+...,
which again is incompatible with (1).

CoR. 1.—If w = f(z) represents a bounded ‘‘schlicht’’ domain D, con-
taining the origin, on a domain A, and if f(0)=0, f'(0)=1, then
either f is z and A = D, or else D and A overlap in the strict sense, i.e.
they have common points, and each contains points not belonging to the
other.

Suppose that A € D. Then, on the one hand

h@=f, fi&) =fif@}
evidently exist in D and are bounded by M, as in the main theorem;
and on the other f, = z+4mna,2’4... for positive n and small 2 (also as
before), if f5£2. Hence A c D implies f=2 and similarly DCA
implies f_, =z, or f=2

Cor. 2.—If w = f(2) represents D, containing z=0, on a A con-
tained in D, and if f(0) =0, then | f(0)|< 1.

For |FO" =120 < Mr.

13.2. We recall that any one-one continuous correspondence between
two domains preserves the conmectivity. A closed contour and its
interior become a closed contour and its interior (or, with some con-
ventions about infinity, possibly the exterior).

LEMMA 4.—A simply-connected D (in a single-sheeted surface), with
mote than one point in its frontier, can be conformally represented on
some bounded domain.

If 2 and z; belong to F(D) we may suppose z, = o : otherwise take
Z=1/(z—2g) (a ‘‘schlicht’’ transformation). Then infinity is not
interior to D. Let { =4/(z—2,). A closed contour in D cannot
surround 2;, hence { is regular in D. {(2) is also ‘‘schlicht’’ (since
z2=2z+{). BSuppose then that {={(z) transforms D to A. If ¢,
(necessarily = 0) is an interior point of A, —{, is not one, otherwise zo
in D has two correspondents +¢,in A. Since { is interior, and —{ is
not, also when { is near {, it follows further that —{, is not a point of
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F(4) (if it were it would have neighbouring —{ that were interior). Hence
—{o is an exterior point of A. If now Z = 1/({+{) we obtain a Z-domain
that is bounded.

This result can be pushed further. (We do not actually use the
extension for conformal representation theory.)

LeMMA 5.—Suppose that D is a bounded simply connected domain,
and that P is one of its frontier points. Then D can be conformally repre-
sented on a A interior to a finite circle K, and in such a manner that P
corresponds to a point P, of the circumference of K, that is, all points of
D near P become points of A near Py. If D is bounded by a closed contour,
8o will A be.

We may suppose DP to be z=0. Let Max|z|=R. Now let
(D)

{ = log 2, & function regular in D. This transforms D into A, lying in the
half-plane II, or 8{ < log R. Also points near P in D go into points near
o in A. If now we transform II into the interior of a {-circle K we arrive
at our conclusion.

Note on the condition for D in Lemmas 4 and 5.—For a single (or
finite) sheeted surface an F(D) that contains two points must contain
at least & connected continuum extending to infinity if D is to be simply
connected. But this is not true if there may be an infinity of sheets.

The excepted case.—Suppose D is bounded by ome point. Then
D cannot be conformally represented on a domain bounded by more
than one.

For, by Lemma 4, if it were we could represent it on a bounded
domain. Since we may also suppose the missing point to be z =0,
we should have a representation { = ¢(2), with ¢ regular for all finite 2,
not constant, and bounded. This is impossible.

Finally we can show :

The only transformations that transform one D bounded by one point
into another are linear (and then the missing points also correspond).

If not, we could, by combining with a suitable linear transformation,
transform the finite plane, non-linearly, into itself. The transformation

and its inverse are
$=/f), 2=9(,

where f and g are regular at all finite points, and “‘‘schlicht’’. Hence
f is not a polynomial of degree>1, and so has an essential singularity
at infinity. Then { takes arbitrarily small values for some large values
of 2z, and this is inconsistent with 2z = g(¢).



184 CONFORMAL REPRESENTATION.

14. Two lemmas about domains.

14.1. In what follows we confine ourselves to simply-connected
domains, on a single-sheeted plane, and not overlapping themselves
(**schlicht’’), for which F(D) contains more than one point.

LeMMA 6.—Suppose that we are given an expanding sequence of
simply-connected domains D,, bounded in their ensemble. Let D = ZD,.
Then (i) D is a bounded simply-connected domain, (i) D,cC D,
(i) D_c D, (n > ny.

(i) is trivial. (iii) practically is the generalized Borel theorem.
(Every point of D is interior to some D,, therefore a finite number of
D, cover D', so therefore does the greatest of these.) It follows further
that D is connected (if 7, z; belong to D they belong to a D,). Also
D is open and bounded ; hence it is a bounded domain. Finally if C is a
closed contour of D, C, being a closed set of points, lies in a D,, therefore
contains only interior points of D,, therefore only interior points of D.
D is simply connected. This ends the proof.

[In the language of ‘‘limit-sets’’, D, — D.]

14.2. LEMMA 7.—Given a simply-connected bounded D, there exists
a strictly ezpanding sequence D,, of simply-connected domains bounded by
polygons with sides parallel to the azes, and a sequence l,, such that
(a) D is the sum (or limit) of either the D, or the D, so that also D_C D,
for large n; (b) any two points of D), can be joined, in D,, by a polygon
of length <L 1,.

Cover the plane with a network of sides 277, ..., 27", .... The meshes
of order n interior to D coalesce into distinct pieces, which are simply-
connected (otherwise the outer boundary of the piece would surround
frontier points of D). Call D), the piece containing a fixed internal point 2o
of D. In the first place any point z of D belongs to D, for n > ne(2). For
join 2 to 2z in D, and let 8 be the distance of the path from F(D); it
is easily seen that z belongs to D if 2-* < }6. Hence D = 2D, (since
evidently D,c D). Since D,c D, we have D,c D, for some m
(Lemma 6), and so also D = 2D),. For the same reason we can, by
taking an appropriate subsequence, secure that D, c D,,,, for all m,
so that D, is strictly expanding. Finally if M is the diameter of D, any
two points of D}, can be joined by a polygon of length < 2M+-perimeter
of Dn..-

15.1. LEMMA 8.—Suppose f, regular and f,—jf in D. Then
fa—c¢ and f—c have the same number of zeros in D_ for n >n, (c, D-)
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(counting multiplicity), provided no zero of f—c lies in F(D_). (If a
zero does so lie the result may be false). The provision requires in par-
ticular that f—c must not be identically zero.

f—c has a finite number of zeros in D, Surround these by (small)
circles lying in D_. In the rest of D’ (a closed set if the circles are taken
open), f—c is continuous and never zero, therefore bounded below in
absolute value, by 23, say. By Theorem 113 we can choose no so that

|fa—=fl<8 (>=mny zin D).
Then evidently f,—c = 0 in D’ outside the circles, and, since on a circle

‘n_f
fL_c- <,

Ja—c, or (f—c)+(fu—f), has as many roots inside as f—c. This proves
the result.

Cor.—If each f, s “‘schlicht’’ in its domain of existence, then either
[ is “‘schlicht’’ in D, or else f is a constant.

If f is not constant and takes the value ¢ more than once, there
exists a D_ in which it has the same property, while f=t¢ in F(D.).
By the lemma f,—c¢ has two zeros in D’ for large n, and this is false.

16. Riemann’s existence theorem.

16.1. We come now to the fundamental theorem on conformal
representation (of a ‘‘schlicht’’ domain).

THEOREM 121.—A simply-connected ‘‘schlicht’’ domain containing
2 =0, whose frontier contains more than one point, can be conformally
represented on | { | <1 by & = f(2), with £(0) =0, f'(0) real and positive.

‘We may suppose the domain bounded, by Lemma 4; also translated
and reduced in scale (2/ = az+b). It is therefore enough to solve the
problem of representing D on d with f(0) = 0, f'(0) > 0, where d is the
unit {-circle, D contains 2 = 0, and D’ C d.

We represent 2- and {-points in the same plane.

Our main idea is to seek a transformation {; = f1(2), regular in D,
which increases the distance of each point of D from 0 (makes
|€.|>]2]), but leaves it in d. D then goes into a larger D;. Similarly
D, into Dj, and so on. We may hope to secure that D,—»d, f,—f, and
that f will do what we want.

Consider
Z—Ar = 2—r _ _
@ NTZ—1 \/ (rz—-l) r<1l, /=+4rat £ =0).
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Z is ‘‘schlicht”, regular in any simply-connected domain A contained
in d and containing z = 0 but not (as an interior point) # =r, and con-
tinuous in A'.

As & function of Z z is regular in | Z| < 1 and continuous in | Z| < 1;
also z = 0 corresponds to Z =10. Now if |{l <1, | €—{)/l—DI< 1
if and only if |{]< 1, and the signs of equality correspond. It follows
from (1) that |2(Z)| < 1if |Z]| < 1, and that | Z(2)| < 1 if | 2| < 1 which-
ever sign is given to the square root; also that signs of equality corre-
spond. By Theorems 107, 101, since 2/Z is evidently not a constant,

<1l (Z|<,

li
Z
from which we have, respectively for Z =0 and Z =0,

dz

r7{ PR

Z=0

2

8 2l <lZz| 0<|Z|<D.

The inverse function Z(z) is regular in A and continuous in A’, and
is defined at z=0; and for z of A’ we have [by (3) and (2)],

4) 1>[Z|>)z| (2l<D),

(6) |Z2'©)|> 1.

16 .2. We observe concerning the transformation (1) :
1. When Z describes |Z|=1, 2 describes |z|=1 twice.

2. It is not possible for a function Z, regular (and not constant) in
|2]<1, to have |Z|=1 on |z]=1 and |z|<|Z]| for 0<|2|<]1,
and we cannot avoid many-valued functions altogether. For such & Z
must vanish somewhere (Theorem 101, Cor. 3), and this can happen
only at 2 =0. Then we should have

, 1Zjsl<1 (|2l <D),
contrary to hypothesis.

8. We have so far given an account that does not mention Riemann
surfaces. But the wider point of view is the right one, and suggests
quite naturally the transformation (1), to whose origin there has so far
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been no clue. (This is not the only occasion when Riemann surfaces
suggest a proof of a theorem with which they have prima facie nothing
to do. Compare §25.81.)

Suppose that we represent a Riemann surface of two sheets, bounded
in each sheet by |z|=1 and branched at 2 =7, on |Z|<1 [so that
2(Z) is regular], making z =0, in some sheet, and Z = 0 correspond.
Then 2(Z)/Z has modulus 1 on the circumference. Since it vanishes
somewhere other than Z = 0, it is not a constant. Hence the modulus
is less than 1 in |Z|<<1, and the inequalities (2) and (3) [and so (4)
and (5)] must hold.

The subsequent argument requires only the ezistence of a function
with these properties. We can find its actual form [viz. (1)] by the
following stages. We first represent the single sheeted unit circle of z on
that of 2/, z = r corresponding to 2z’ = 0; then the double 2’ circle, with
winding point at the origin, on the simple 2” circle; finally the (simple)
2" circle on the (simple) Z circle, making 2" =0 correspond to Z =1r
(the last fulfils the requirement of making z=0, Z =0 correspond).
The three transformations are :

Z—A/r
NrZ—1"

z2—r
re—1

= Z’, Vzl = z"’ z" —

16.3. The more general transformation
Z—are® _ (2—re?
@ Ztm =V (52w
also has the properties (4) and (5).
Let now 7,e' be the point of F(D) nearest 0. Then

{ '—l\/'r Gwo _ 27 e“o _
J"’ofl-fez;:‘ - \/(roz—-e‘*o)’ or §=/),

gives a {; regular and ‘‘schlicht’’ in D, and transforms D to D,, say,
interior to d. Since f;(2) is continuous in D’ it transforms points of
F (D) into points of F(D,) = F,. Hence, if r, is the distance of 0 from F,,
we have 7, >, (provided 7o <<1). We now repeat the process on Dj,
and so on, obtaining sequences (D,), (r,). It is in point of fact the case
that for any D 7, tends necessarily to 1 (so that D, tends to the unit
circle), that f,—f in D, and that (what the reader will then easily
believe) w = f(z) represents D on the w unit circle.

The actual argument is rather long and delicate, and we become a
little awkwardly entangled in the structure of #, and f,. (We may ob-
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serve, however, that the selection principle is not required.) There is,
however, an alternative line of attack which, depending ultimately as
before on the transformation (1), employs, so to say, a larger army of
functions (in fact, the largest possible). Here there is much greater
flexibility, and no irrelevant detailt.

Let D be any bounded domain. We may suppose z =0 an interior
point. Consider the class of all functions ¢(2) with the properties :

(i) ¢ is bounded in D,

(ii) ¢ is ‘‘schlicht’’ in D,

(iii) ¢(0) =

(iv) ¢'(0) =1.
We want to prove that some ¢ = ¢ represents D on a circle. Now if
a ¢o exists (as it in fact does) the function ¢, and the circular domain
will have certain interesting minimal properties with respect to D. For
example, M(¢)= M(¢,D), the upper bound of |¢| for z of D, and
A(p) = B(¢, D), the area of the transform of D by w = ¢(2), both have
their minimum values when ¢ is ¢o. This is indeed true if we allow ¢
to range over the class of functions subject to (iii) and (iv) only. Thus,
let R be the radius of A, (the circle), let Z(w) be the function inverse to
w = ¢o(2), and let ®(w)=¢{Z(w)} (so that $(w) is w when ¢ is ¢o).

Then ®, qua function of w in |w|< R, satisfies the conditions $(0) =
$'(0) =1; we have
M(¢, D)= M2, &), A. D)= A, A);
and it is enough to prove
M@, &) > R, 3@, &) > mR.

The first result is immediate, since (by Theorem 107)
BR=R|®0)|<BY (%) = M@).

Next we have

@ 3@ = (12w [Frardy,

where w = re', the double integral is taken over A,, and regions covered
multiply are counted multiply in the area. For |$'(w)|* ie the Jacobian

+ It would be possible to obtain something (but not enough) of this nmprovement by making
the original process transfinite; the expanding sequence Dy has a limit set D, we may repeat
the process with D, in place of D, and 8o on transfinitely.
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of the transformation from w to t. Now for w of A, we have
@' (w) = 14+ 2b,w+8bw+...,
and the right-hand side of (2) is (by Parseval’s theorem)

R @
275 (14-2%| bg|2 12 4+-8%| b3 |2 4 +...) rdr = =R '+ Ean | 0.2 B*™ > = R?.
] =1

Suppose now that N(¥) is any number {such as M(y) or 3({¥)}
associated with a function ¥, and that a class of -, all defined in a fixed
D, has a member y, for which N is a minimum. If v is the lower bound
of N (for varying ) there exists a sequence (Y,) for which N(¥,)) - »;
we can, perhaps, select a subsequence of (\,) converging in D to a limit-
function, and this function may well turn out to be yr,. This suggestion
we now follow up for the class of functions ¢ satisfying (i) to (iv). The
argument can be carried through when N is either #(¢) or M(¢); the
latter gives the simpler version.

16 . 4. After these preliminaries we make a fresh start. We take as
known the properties (4) and (5) of the function (1) of §16.1. They
sre established either by the argument of that sub-section or by the last
fifteen lines of §16.2; one of these counts as part of the official proof.
What now remains is important but quite short.

The class of functions ¢ satisfying (i) to (iv) exists, the function

d@) =2

being a member of it. 1l.et u be the lower bound of M(¢) for all ¢. Then
there exists a scquence (¢,) of functions ¢ for which M(p,)—>u. ¢, is
uniformly bounded in D for large n [since |¢.| << M(g,) < p+el.
Hence, by Theorem 114, we can select a subsequence of the ¢,, with
which we may now identify the original sequence, converging to a Y(2) in
D. By Weierstrass’s theorem (or by Theorem 118) ¥'(0) = lim ¢, (0) = 1;
and incidentally Y is not a constant. By Lemma 8, Cor., ¥ is ‘‘schlicht’’
in D. Further, M(y) < p. For if M(Y) > p' > p we have |YQ)|> p
for some ¢ of D, | ¢a({)| > u' for large n, and so M(¢s) > | ¢u({) | > u' for
large n, which is false. » now satisfies conditions (i) to (iv), and is a ¢.
Hence finally M () > « and so M(Y) = u.

I say now that the transform A of D by w = y(2) is a circle, which
establishes the theorem. If A were not a circle we could decrease its
largest radius, which is p, at the expense of the smallest. In fact, given

{ Bince we are concerned with the transform of the whols of 4, a full discussion requires
some limit-argument. This is given in most accounts of quadrature, and the point is in any
case rather trivial. As we do not actually use the result we omit the details.
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a z-domain A containing 2 =0, interior to a circle d of radius u and not
identical with it, there exists a x(2), with |x/(0)|>1, which transforms
A into a new domain interior to d; we have only to take x(z) = uZ(z/p),
where Z(2) is the function (1) of §16.3, and re* is any point of F(A)
interior to d. If now our A were nof identical with |w|<u we should
have |x{y(2)}|<u. Then

_ xiyv @}
‘Px(z) = L)%{,(T

is “‘schlicht’’ in D, ¥,(0) = 0, ¥i(0) = ¥'(0) = 1, and

M) < g < #
This is impossible.

17. The conformal representation of limit-domains in general.

17.1. The nucleus of a sequence of domains.—Let (D,) be a sequence
of domains each containing z=0. The nucleus N of the sequence is
defined to be, either the greatest domain D, containing z = 0 and with
the property D”_c D, for any D_ and all large n; or, if no such domain
exists, the single point 2 =0. (In a nucleus there is a privileged point,
taken to be the origin.)

We say further that D, ‘‘converges into its nucleus’’ if every sub-
sequence gives the same N.

Notes.—1. If one domain D has the ““D’sc D, (n>>ny” property,
8o has XD, the summation being taken over all such D. A sum of
domains all containing z is a domain (2; and 2, are connectible via z).
2 is therefore a domain, and the greatest one of its kind. N therefore
exists (and is unique).

2. Let L be the set of points P such that P is contained in D, for all
large n ; the set of interior points of L is a sum of domains, let M be the
domain containing z=0. N (supposed not the single point) is not
necessarily the same as M. Suppose, e.g., D, is the unit-circle less the
circle (taken closed) on the segment }+43n~' to 3+n~! as diameter. M
is the interior of the unit-circle, N is M less the point 2 =}. (Thus
N and M need not even have the same connectivity.)

3. Examples. (i) D, expanding and uniformly bounded. Here
N =2Z2D,, and D, converges into N. This is the most important case.
(ii) Contracting D,. There exists a limit set L. If L, taken open;
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is a single domain, then N = L. (L mneed not, however, be a single
domain ; see, for example, Fig. 7.)

Fig. 7.

17.2. LEMMA 9.—Given two bounded sequences of domainst (con-
taining the onigin), (D,) and (A,), let D and A be their nuclei, neither
being a point. Let {= f,(z) represent D, on A,, and let ¢, be the
inverse function of f,. Suppose now that

fa0) =0, fu—>fin D, ¢—>¢ in A.
Then ¢ = f(z) represents D on A, and ¢ is the function inverse to f.

Observe that [since ¢,(0) = 0] there is complete reciprocity : any-
thing proved for D, f, ... applies also to A, ¢, ....
The proof falls into four stages.

(a) f and ¢ are mot constant. This is far from trivial. If f is
constant its value is f(0)=0. If {0 belongs to A, let
2 = ¢({), Z. = ¢u({). Then z,—2. If now zC D, there exists a D_ such
that @) 2,, 2C€D_ (» > ny), and so also (ii) 2, 2C D, (1> n > ny.
From (ii) f,@s) =¢{. From () |f@)—/fu@w)|—>0 a8 n—> o (uniform
convergence of f, in D.). But the left side is |0—¢,|, and we have a
contradiction. Therefore ¢({,) takes only values lying in C(D) for {, 0
of A. S8ince ¢(0) =lim¢,(0) =1im0=0 and ¢ (the uniform limit
of ¢,) is continuous at { = 0, this is impossible.

(b) f is “‘schlicht’’ in D, ¢ ‘*‘schlicht’’ in A. This follows from (a)
and Liemma 8.

(¢) The values of f (for z of D) lie in A, the values of ¢*in D. By
(b) ¢ = f represents D on some domain 8. Given z of D, there exists &
D_ containing 0 and 2, and a D, such that D_ c D, and Dy D (see
Lemmsa 7). By {=f there correspond J_ and J, similarly related to
¢ and { =0. Now by the uniform convergence of f, in D, {=f, (n
large) represents D, on some area differing arbitrarily little from &,

t By & bounded sequence of domains we mean a sequence of uniformly bounded domains,
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and therefore containing 8_. Since also D, D D, (for large n) we see that
A,D 4. for almost all n. By the definition of A, §_ € A, and the value
f(z) belongs to A.

(d) Acé. Let {, be any point of A; we have to prove it the f of
some 2. Now 2, = ¢,({) > ¢(,) =2, & point of D, by (¢c). There-
fore there is a D_ such that 2, and 2 belong to D_ for large n. Hence

f(z)—{.o = If(z)—f(zn)} + {f(zn) ‘—fn(zn)}
—-»040=0,

by the continuity of f and the uniform convergence of f in D_ respec-
tively. Hence f(2) = {,: {, is a point of d.
It follows now that { = f represents D on A. Finally, we have just

seen that e} =&

for any { of A; hence f and ¢ are inverses.

17.3. We prove next :

Given a bounded sequencc of D, each containing z =0, and that D,
converges into a nucleus D, not a point; also a bounded sequence A,,
with nucleust A. Suppose mow that { = f, (2) represents D, on A,,
f2(0)=0, and fu—f in D. Then (1) {=f(z) represents D on A,
(2) A, converges tnto A.

Case (i). A not a point.—Consider the inverses ¢,. We can select a
subsequence giving ®n = ¢n, > P, Fu=f,, > F =f Let A* be the
Nof the A, = A#, D* that of the D = D,,. Then D* =D, ACA*,
and A* is not a point. By Lemma 9, { = f represents D on A*, and f,
& are inverses. It follows now that ¢,—®. If not, we can select
different subsequences giving different limit-functions ® and ¥, and
fuclei (possibly the same) A*, A}. But since then { = f(z) represents
D on A* and on A¥, these last are identical. Then further z = ®({),
2= ®y({), defined in the same A*, are both inverses of f, therefore
identical. , But if ¢.—>@® the subsequence originally chosen may be the
whole sequence, and A* = A. This proves both (1) and (2).

Case (ii). A the point { =0.—We have to show f,—~>0 in D. If
not, f is not constant, is therefore ‘‘schlicht’’ (Lemma 8), and therefore
represents D on some domain 3 containing { =0. Take é_ containing
{ =0, and & such that 6~ C &, C 6, and let D_, Do be the corresponding

t Woe slightly extend here the use of the symbol A; A may be a point.
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2-domains (they contain z=0). {=f, represents D, on something
differing arbitrarily little from &, therefore containing é_. It follows
that 6_ ¢ A, and this is impossible.

17 . 4. It is easy to prove a converse of the last theorem, viz. : Let D,,
D, A, be as before, and let { = f.(z) represent D, on A,, f1(0) =0,
Ju(0) > 0. Then, given further that A, converges into A, it follows that
(for some f) f.— f in D.

If not, there exist two subsequences (f,,) with different limit-
functions F, and Fy. With obvious notation we have A* = A} = A (by
hypothesis). Therefore, by the direct result, { = F, and ¢{=F, both
represent D on A, with F}(0) =limf;, (0) >0 and similarly F;(0)> 0.
This is impossible, by Theorem 120.

Summing up we have :

THEOREM 122.—Let (D)), (A,) be bounded sequences of domains,
with nuclei D and A, where D is not a point, and let D, converge into D.
Let { =f,(2) represent D, on A,, £,(0) =0, f,(0)>0. Then the neces-
sary and sufficient condition for f, to comverge to some limit-function
fin D is that A, should convergec into A. If this happens { = f(z)
represents D on A,

It is an instructive exercise to write out the proof for the special
case when D,, A, are expanding (and bounded uniformly), making the
appropriate simplifications. The result, for this case, which we call
(for reference) (A), is as follows :

If D,, A, are expanding and uniformly bounded, and tend to D and A,
and if fua—f in D, then { = f(2) represents D on A.

17.5. Montel’s proof of Theorem 121.—D is a limit of expanding D,
which are polygons. The theorem, (B), that any (simply-connected)
polygon can be represented on a circle, goes back to Schwarz (see, e.g.,
Goursat’s Cours d’Analyse, Vol. III). From (A) and (B) Theorem 121
follows, and this is Montel’s proof. It is instructive to analyse further
the proof of (A), especially so far as it depends on (C), Montel's theorem
(Theorem 114). We want (C) only for a domain D, known to be repre-
sentable on a circle; it is therefore enough to prove (C) for a circle, a
specially simple case.

The boundary problem.

18.1. We prove next a result of interest in itself, which we shall
also have occasion to apply in the sequel.
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THaEOREM 123.—Suppose that we are given a closed contour I’ (interior
A), divided at B and « into T, and T,. Suppose (1) Y () is regular and
bounded in A, (2) Y is continuous in A’ except possibly at a, (8) v —a
as {—>a along T';, Then either » —a as { = a along Iy, in which case
\ —>a (uniformly) as {—>a in A, or else - does not tend to a limit as
§¢—>a along Ty '

Suppose the result false, so that »—bs£a along I';. Let

x© = {¥@Q—a} {¥©O—b}.
Then x—O0 along I'y and I';. 'We prove first that
x>0 uniformly as { —>a in A.

By Lemma 5 we may suppose that a is the origin, that I';, I's lie, except
for a, to the right of the imaginary axis, and that |x|<<1in A, [Our
applications require only this special case, and are therefore independent
of Lemma 5.] Let h be large and positive, and

x16) = x(©) /A +id).

Given e, choose 7(e) 80 that | x| <e for points of I';, I'y in |{| < 7. Let
3(7) be a domain, with a on the boundary, cut off from D by |{|=1r. Now

@) |1/A+rE) | <1 (§in AN,

By choice of h = h(e) we can make |1/(1+4k{)|<e for points of T
outside |{|=7r. Hence |x,|<e for points of I' other than a, whether in
| €] < r or not, therefore (Theorem 102) also for A’, and in particular in
8(). That is, given e, we have | x| < e[14A(e){| for all § of (). Hence
| x| < 2e for | {| < Min (r, 1/h), giving the result.

Return to Y. Our hypothesis involves that in any 8(r) we can find
a line A such that for { of A y({) runs from a value near a to a value
near b. The perpendicular bisector of (ab) meets the track of v, and
the corresponding values of {¥r—a, Y—b have moduli not less than
3|b—a|. That is, there is a { in 8(r) for which |x|>%|b—a[*. This
contradicts y > 0 and proves the theorem.

19. The representation of D' on A’ when D and A are bounded by
curves.

19.1. Let C be a simple closed contour in the z-plane, D its interior.
Let A be the {-circle. By Theorem 121 there is an f(z) such that
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{ = f(2) represents D on A. We show now that, with appropriate com-
pletion of its definition, f(z) is continuous in D'. Given a point 4, or
z2=a, of C we have to show that there exists an a such that
| f(z)—a|<<ein d(A, 1Nt (r<1).

We observe first that, by Lemma 1 (§11.4), the lower bound of
| f| for z of d tends to 1 as »—>0. We must now consider arg f.
Let o(4, r)=o0o(r) be its oscillation in d(4, r). We shall prove
that ¢(r)—0 with r. If not, let ¢’ be the upper limit of o(r), and
0<0,<0’, oy<w. For some arbitrarily small r we have then &(r) > a,.
Considering always such r we can now draw in d(r) a simple line I’ on
which oscarg f >a, There corresponds in A a simple line \’ whose
extremities P and @' have arguments ¢,, ¢; with ¢s—¢; >0, [The
intuitive basis of the subsequent argument is as follows. A’ lies near
the circumference. If it were an actual arc of the circumference we
should have, roughly, ¢({)—a small on this arc, bounded on the rest of
the circumference ; therefore (compare, e.g., § 9.8) small at points well
in the interior of the circle, which is false.] Let ¢s= ¢1+00; we then
obtain a line PQ as in Fig. 8, with extremities of arguments ¢, ¢s.
Let M be the mid-point of RS, so that OM = cos }0%.

S

Fig. 8.

If r is small enough every point of PQ [corresponds to a point of d(r)
and] is distant more than OM from O. MR and M therefore cross PQ, for

+ We use the notation of the introduction, §6.
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the first time (from M) at, say, T and U. Let ¢(}) be the inverse function
of f. By a transformation { = ¢, ¢"+¢ we may suppose SR the real axis
of . Let ¢({)—a= ¢:({y). The curve UT and the chord UT bound
& domain A,, and the reflection of A, in SR is evidently interior to the
circle. Let A; = A,+A,;+chord (UT)+boundaries. If ¢ lies in A}
$1($), ¢1($)- are regular functions of their arguments, and their moduli
do not exceed Max|¢({)—a|<< K, where K is the diameter of D. On
the boundary either |¢1(5)| or |$:1(8) | << m(r), since for { of QUTP
¢ (@) lies in d(r), and so is at a distance not exceeding m(r) from z = a.
Hence

| 1) (&) | < Em(7)

on the boundary of Aj;, therefore also (Theorem 106) inA,. In particular
the inequality holds on the chord U7, where ¢, = §,, giving

| 18 | < &/ {Em(n)}.
[This is, in fact, a case of the result proved on p. 112 (fig. 5), but we have
repeated the argument for completeness.] In particular

@ |¢Cw—a| < v/ {Em®)}.

The right-hand side tends to 0 as r-» 0. But {y hes on |{|= cos iqy,
and to this corresponds a z-contour distant k(oy) > 0 from the boundary
C, contrary to (1). Hence o(r) — 0.

19.2. It follows that there exists an a satisfying |a|=1, such that
f(5)—>a a8 2—>a in D. This being true for every 4 f is evidently con-
tinuous in D’. It follows that { = f(2) makes correspond to every a of
C a point a of the circumference |{|=1, and that a is a continuous
function of a.

We show next that as a describes C, a moves continually in the same
sense, and returns to its starting point when a does. If this were not so
there would be two points a,, as of C to which the same a corresponded.
To two non-intersecting simple lines L,, L, from an interior point b of I
to a1, as (see § 6) correspond in A two non-intersecting simple lines I';, I,
from B to the same point a of |{|=1. Then ¢ —a; or @, as { — a along
I or I's. Theorem 123 shows that this is impossible.

19.3. We prove finally that ¢({) is continuous in A’. Let g(r) be
B,C,. To B, O, correspond, in the sense of our work above, 8, and y, of
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i{|=1, and to q(r) corresponds a cross-cut B,y,, or K, of A. Let
é(a, 7) be the domain cut off by K, which has « on its boundary. 2 near
a give { near a (since f is continuous). Also to points of D separated,
or noi separated, by gq(r) correspond voints of A separated, or not
separated, by K,, and conversely. Hence to { of 8(r) correspond 2z of
d(r), for which |z—a|< m(r). Hence

|p)—a| < m(r)

for { of 8(r). Since m(r)—>0 with r, it follows that ¢ is continuous at
boundary points, provided we define ¢(a) to be a.
Summing up we have

TaEOREM 124.—If D is bounded by a simple closed contour the func-
tion f representing D on the unit circle A is continuous in D', while its
inverse function ¢ is continuous in A’. The correspondence { = f(z) between
D’ and A’ is one-one and bi-continuous.

20.1. The more ‘‘regular’’ is the curve C bounding the domain D,
the more ‘‘regularly” does the function f(¢) representing D on the unit
{-circle behave at thie boundary. Many propositions could be given corre-
sponding to different degrees of regularity in hypothesis and conclusion.
We shall content ourselves here with two.

We prove first the analogue of (part of) Theorem 123 for harmonic
functions. We apply this in & moment, but it has & certain interest for
its own sake.

TaEOREM 125.—Suppose that C is a closed simple Jordan curve and
that D is iis interior. Let the function u be harmonic and bounded in
D, and continuous in D' except at a point a of C, and suppose that
u—>a as z —a along C, and Cy (the two portions of C abutting at a).
Thew u is continuous also (in D') at 2 = a.

A harmonic function of z,y remains harmonic if z+4iy undergoes a
confornal transformation (see §7.45). Hence we may suppose, in
virtue of Theorem 124, that C is the unit circle, a is the point z = 1, and
a = 0. We Lave then, forr <1,

0= & wm w2 (5. v-o)av.

where r < R < 1.
L2
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By hypothesis we have
lim u(R, )= U (% +0).

Let us define U(0)=0. Then in virtue of our hypotheses U(y) is
continuous in (—=, #)t. Since %(R, ) U(y) p.p. and boundedly,
we may take the limit R->1 under the integral sign. Hence « is the
Poisson integral of the continuous U, and the theorem follows from
Theorem 59.

20 .2.—THEOREM 126.—Let C be a closed simple Jordan curve, D its
interior, and let { = f(z) represent D conformally on the unit -circle A.
Snppose now that C possesses a proper tangent at z=a, and that  is a
straight line through a. Then to any curve in D touching |l at a corre-
sponds a curve in A touching a straight line A, depending only on I,
through a = f(a). Further, the angle between two lines A,, Ay is the
same as that between the corresponding l,, la.

‘ Let u=arg%=arg§:—:.

u is harmonic in D, and continuous in D' except at z =a, arg({—a) is
bounded, and the hypothesis of a tangent at z = a implies that arg(z—a)
is bounded also§. Finally, when 2 describes C, starting at a4 and
ending at a—, arg(z—a) increases by =, and so does arg ((—a)+. Hence
% tends to the same limit whether z-—>a along C, or along C,.
Theorem 125 now shows that u is continuous at # = a, and the results
of Theorem 126 follow without difficulty.

20.3. TeeOREM 127.—Suppose that the 'hypotheses of Theorem 126
are satisfied, and, in addition, that C has a continuous tangent in the

t But it does not, of course, follow at once that u is the Poisson integral of U this,
indeed, is practically what we have to prove.

 z approaches @ along the two branches of O in opposite directions (a cusp is
excluded).

§ This is true for a neighbourhood of a, by the hypothesis. Moreover in the part of D
for which | s—a| >3 arg(s—a) is continuous, and so bounded,
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neighbourhood of z = a, or, more generally, that the chord from 2z to 2’
tends uniformly to the tangent at a as z and 2’ tend independently to
z=aon C. Then arg f'(2) is continuous at z=a. Hence also: to every
curve of continuous tangent issuing from a corresponds a similar curve
issuing from a.

This theorem is rather difficult (and the reader may ignore it if he
wishes). T:et 2 = ¢({) be the function inverse to { = f(2), and let

Y (ot el X(9) =52

‘l"(fy T = —Z'GT:E— = .

For fixed = { is regular and never zero in A (note that { =0 requires
special consideration), and continuous in A’. Hence

u(, 7) = arg Y = arg (s;—3)—arg (—0

is harmonic in A (in particular at the point { = 0), and continuous, for
fixed 7, in A'.

We now make the provisional assumption that there exists a G, inde-
pendent of r and {, such that

(1 lul < @G

upon |{| =1, and therefore in A'.

As +—>0 we have u(a, 7) >, where w is the angle hetween the
tangent to C at @ and the tangent to |¢]=1 at a. Now the hypothesis
about the chord 22’ is equivalent (in virtue of the continuity of f and ¢)
to the following assertion : For a given e there exist 7, 8 such that, on an
arc of |{|= 1 of length 7 on each side of a = ¢,

(2 |u@ N—wi<e (|7]<d).

We proceed to prove that a similar inequality holds for { near a and
interior to A. Let U*(y) = U*(Y, 7) be the boundary function of the
continuous function u—w at ¥, so that »—w is the Poisson integral of
U*. Now U* is bounded above (for varying r as well as varying ¥) by
G+ |w| and is not greater than e for points of the arc Yro—1, Yotn).

+ The two contours are described in the same sense (Theorems 134, 117).
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Henece, if { = re®, | 7| < 4, we have

2r{u(, N—w} = ﬁ:i: U*Q) P(r, y—0) dy + (Y—” —S::i:) U* Pdy

= j(l) + 5(2) ’

27 | u—w| <ej(l)Pd3b+(G+ | j'(z)P(r, Y—0)dy

<L27e+ (G+|w|) k (1, 1, 6),

where A is independent of 7, and tends uniformly to zero as { = re¥? —> ¢
(Theorem 59). We have proved, therefore, that there exist #,, 8, such
that

@ Nu—o|<e (J$—al<m, [7|<8).

If now we call A, the part of A for which |{—a|<<m, then, for any
(interior) § of A;, we have, on making ~— 0 and so u — arg ¢’ ({),

larg ¢’ () —w| < e

It follows that arg ¢'()) is continuous at the point a. Qur result
follows, since f'(2) = 1/¢'(}).

20.4. It remains to remove the assumption (1). Consider the
domain d(a, r) and the corresponding 8(a, 7) of A. & is bounded by an arc
By of the circumference of |{|==1 and a simple line from B8 to y in A’
The main ideas of our argument are : (i) The hypothesis of the theorem
implies the result (1) for the domain d provided r is small enough, (ii) it
is plausible that only the neighbourhood of z = a is really relevant te
the problem.

Let §;= fi({) represent 8(a,r) on |{;|<<1, or A,; then, by
Theorem 124, the correspondence extends to the boundaries, and

G=h{f@} = F()
(say) is continuous in d’. Now we have, by hypothesis, if r is small
enough, )
@ |arg (z'—2) |< K

for z, 2’ of the part of the boundary of d belonging to C. An inequality
of the type of (1) holds also if one of 2, 2’ belongs to C and the other to
the circular arc By, while yet another holds if both belong to By. Also,
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of course,

|arg(€¢'—0) | < 27t

Tt follows that the condition (1) of §20.3 is satisfied for the function
F(z) that represents d on A,, and we conclude that arg F'(z) is com-
tinuous at z = a. But f,({) makes part of a circular arc (containing the
point {=a) correspond to part of a circular arc. It follows, by
Theorem 118, that f, is regular at internal points of the arc; and,
further, that the conformal representation effected by fi extends to a
domain on the other side of the arc, in virtue of which fact f() does
not vanish at any internal point of the arc. Consequently arg fi() is con-
tinuous in |{|<1 at { =a. Hence, since f(z) is continuous in D',
arg f1{ f(2)} is continuous at z = a; and hence, finally,

arg f'(2) = arg F' () —arg fi({)

is continuous at 2 =a.

t It is supposed that z, &' (or ¢, (') start from some fixed pair of positions, and vary in
any way subjeot to the restrictions that they do not cross each other and that neither orosses
s = a.
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CHAPTER II.

The present chapter deals with the following problem. Suppose that
a function f(2), regular in the unit circle, is restricted by the condition
of never taking a certain value, or set of values. What influence has
this condition on the behaviour of the function; in particular, how does
it restrict the maximum modulus M(p, f) [or the means M,(p, f)] and
the n-th coefficient ¢, ? The most striking result in this field is the famous
theorem of Picard concerning functions that have 0 and 1 as missing
values. We consider the problem of missing values in a generalized
form, in which we suppose that the point w = f(2) moves, for varying z,
on some given Riemann surface. Our problem leads naturally to the
discussion of the class of functions f(z) that are ‘‘schlicht’’ in the unit
circle of z : this is in any case a subject of great intrinsic interest, and we
devote a special section fo it.

We begin with a section on‘‘subharmonic’’ functions. The subject
is not prima facie connected with our main problem, but some of our
arguments find here their most fundamental application.

21. Subharmonic functions.

21.1. A real function w(z, 4), or for brevity w(z), where
z=ga41y, is called subharmonic in a domain D if it satisfies a
certain pair of conditions (A) and (B). Condition (A) is of the nature
of a restriction to continuity. It is essential to have some such
restriction. We assume, in the first place, that for z of D

(A)Q) w(z) > Im w(l);
=>2, $#£2

and we assume further that

(4)(2) w(z) <o in D.

The value — co for w is permitted.
The second condition (B) may take a number of forms (B,), ..., (B,),
all of which, however, we shall in the end find to be equivalent.
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(By), ..., (B,) require respectively that for every (z, y) of D we shall have

(By) wz, Yy < % j' w(z+rcos b, y+rsin6) d

Jor all small r;

(B,) wz, y) < # Ldo Kw(z+p cos 0, y+psinb)pdp

Sor all small r;

(B,) w(z, y) <§17—r5 w(z+7rcosh, y+rsinbh)do

Jor some (arbitrarily) small r;
1 (- r .
(By) w(z, y) < e | S_ de Lw(z+p cos 8, y+psinb)pdp

Sfor some (arbitrarily) small r.

It follows from any form of (B) that for z of D w(z) <Hmw({).
>z

Combining this with (A) we see that a function w(z) subharmonic in D
18 upper-semi-conlinuous in D, that s, it satisfies

(A®) w(z) = [imw(l)
>z

at every point z of D.

We continue, however, to distinguish ‘condition (A*)” from
“conditions (A)”, that is to say, conditions (A) (1) and (2), but not
necessarily (A#*).

21.2. A function w(z) satisfying conditions (A) in a bounded closed
set & is bounded above in F (by the usual covering argument for the
continuous case). Hence w(z) is bounded above in any bounded closed
subset & of D. It attains its upper bound in any such set. For if
@, the upper bound, were unattained, the function w*= (G—w)!
would satisfy conditions (A) in Z, but would not be bounded above
in E. Obviously w(z) is measurable, and the various integrals in the
conditions (B) exist, since w(z) is bounded above on the circles con-
cerned. These integrals may, however, have the value — co.

A function w(z), satisfying conditions (A), is the limit-function of a
decreasing sequence {w,(z)} of continuous functions in any bounded closed
subset B of D.
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We may suppose that w(z) is not identically — co [when we may take
w,(2) = —n]. Let  be any point of the (z, y)-plane, and let us write,
for any fixed integer n > 1,

(1) w, () = uppggnb;und {w(z)—nd(z, L)},

where 8(z, {) denotes the distance between z and {. w,({) is finite, and
there exists a point 2, = 2y({) in & such that

wy () = w(z)—1nd (2, {)-
For any other point ¢,
wy(§1) = w(2)—n8 (2o, £4) = w(20) —n{3(20, £)+3(, L1)}
=, (§)—nd(¢, {y)-

Hence w,({;) = w,({)—e, if 3({, {;) <e/n. Since we may interchange
{ and {;, w,({) is continuous (in the whole plane). Also w,({) = w,41({),
and if we choose { a8 a 2, in #, (1) gives w,(z,) = w(z;). Suppose first
that w(z;) > — o, and let 2’ be another point of E. By (A)(1),

w(z') <w(z)+¢; ' w(2')—nd(2, 2) <w(z)+¢,

provided that 8(2, 2;) <8(e). On the other hand, w(z) is bounded above
in E. Hence there is a G such that

w(2')—nd (2", z) < G—nd

if 5(2', 2,) =98. The right-hand side does not exceed w(z,)+¢ if n is large
enough. For such n, therefore, w(z')—nd(2', 2,) <w(z,)+€ for all 2’ of
E,i.e. w,(2) <w(2)+e This proves that w,(2;)>w(2;). The proof is
similar if w(z;) = — co.

21.3. The inequality in (B,) and (By) asserts that w(z, y) does not exceed
the average of w over the circumference of the circle of radius » round (z, 3);
the inequality in (Bg) and (B asserts that w(z, ) does not exceed the
average of w over the area of the same circlet. For a ‘harmonic funec-

+ Our results can be extended to higher averaging processes; for example, to the
inequality
1 1
w(e, y) < -;‘Edr-;j:dr . d(r)

or all (or some) small v, where A (r) is one of the averages considered in the text.
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tion %, of course, u(2) is equal to each of the averages; also u and —u
are both subharmonic. If W;, W, W, W, are the classes of functions
corresponding to the four definitions, it is trivial that W, contains W,
that W, contains W;, and that W, contains Wy and so W,. The rest of
the proof of the equivalence of the four classes depends on Theorem 201
below.

Consider the special class of w with continuous second derivatives
in D. Let the circle d, |z2—2,| < r, be contained in D, and let

J(@) = 21-75'

w(z,+re®) do.

We have, as a case of (8) §7.12, the formula

dJ 1 (0w 1

¢Y) d—r=—2—7r-;j§;;ds=;z—;r-;”dmvdxdy.

If Aw =0 in D this gives J(r) = J(0) = w(2o) for every 2z, of D and
every small 7, so that w is subharmonic by every definition. Conversely,
the condition Aw >> 0 in D is necessatry for a w (of the special class) to
be subharmonic in D by any definition, whence the equivalence of all
definitions within the class. If the condition is satisfied, then J(r) is,
by (1), monotonic increasing (in the wide sense) in r (so long as d is
contained in D).

If all subharmonic w belonged to the special class, many arguments
would be as straightforward as this one. The special class is valuable
in suggesting results, and the ‘“Aw =>0"' tendency should always be
borne in mind. [It is, in fact, true, though we must not prove it now,
that for a w subharmonic in D, Aw exists in a generalized sense, and is
not less than O, p.p. in D.] But quite practical applications force us to
consider the wider class, and we have to find other arguments, no longer,
but more delicate.

21.4. A function u will be called a harmonic frontier majorant of
a function g for the domain D if » is harmonic in D and continuous in D',
and u(z) >limg({) ({—z in D) for points z of F(D), the frontier of D.
>z

TaEorEM 201. Suppose thai w is subharmonic, by eny one of
the definitions, tn the bounded domain D, and that u 8 & harmonic froniier
majorant of w for D. Then w < u for all points of D.

Conversely, a function w, satisfying conditions (A) in D, is sub-
harmonic in D according to the definition (B,) provided that w <u in
D, for every domatn D, and function u which are such that Dj is contained
in D and u 18 a harmonic frontier majorant of w for D,.
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CoroLLARY 1.—The four definitions are equivalent.

COROLLARY 2. — A function w, subhbarmonic in a bounded D and
satisfying
Imw((y<@
>z
at every point z of F(D), satisfies w < G n D.

CoROLLARY 3. Let (B*) denote what the inequality (B;) becomes when
the sign < 18 replaced by =. Then a continuous function w, satisfying
any one of the four conditions (B;*) in a bounded D, is necessarily harmonic
in D.

Suppose the first part of the theorem false. Define
d(z) = lim {w({)}—u(2)
>z

for z of D’ and { in D. This is w(z)—u(z) for (interior) z of D, and
somewhere takes positive values. Alsof d(z) satisfies conditions (A) in
D'; it therefore attains an absolute maximum M >0 at a point P of
D', and the set, E say, of such points is closed. Let @, or (z,, %), be
a point of F(E), so that d(@)= M, and [since d <0< M at points of
F(D)}, Q is an interior point of D. Consider now the circumference C,
of small radius r round @. This must contain a point B belonging to
CE, at which therefore m =d(R) <M. Then, by the upper-semi-con-
tinuity, d < m+8 < M for points of C, in a certain interval of 8, whence

%_ Y d(zg+7ecos b, yy+rsin0)dd < M = d(zy, yp);

and so, since the average of the harmonic function u is equal to (%o, %o),

51; S' "'w(zo+r cos 8, y,+7 8in 0) d6 < w(zy, Yo

This is true for all small r, which gives a contradiction if our definition
is either (B;) or (Bs). Finally, the area of the interior of C, contains a
point of CE (for example, an R associated with C,), and a precisely similar
argument, for averages over the area instead of over the circumference,
disposes of the remaining cases (By) and (By). The first part of the
theorem is therefore established.

t Any upper limit TS FI() clearly satistios (4) (1
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Consider now the converse. Given a point (%, y,) of D, consider a
circumference C, of radius r surrounding it (containing only points of D).
On C,, w is the limit-function of a decreasing sequence of continuous func-
tions w, (§21.2). Let u, be the function harmonic in the interior of C, and
agreeing in value with w, on C,. This is a harmonic frontier majorant
of w,, and so of w, on C,. By hypothesis w(Z,, ¥) < %,(%o, ¥o), OT

(4] w(Eg, Yo < 511; r_' 10, (Zy+7 cos 0, y,+7 sin 6) d6.

Since the interchange lim j Wy = jlim w, is permissible for a monotonic
sequence [Theorem 11, Cor.], we have, by taking limits in (1),

w(Tg Yo < él_; S;w(:co+r cos 0, yo+7 sin 6) db,

and, since this is true for all small r, w satisfies the definition (B,). This
proves the converse,

Next, the complete theorem shows that a function subharmonic
according to any definition is subharmonic according to definition (B,);
conversely it is trivial (as was pointed out in §21.3) that a function
subharmonic according to (B,) is subharmonic according to any of the
other definitions. This proves Corollary 1.

In Corollary 2 (a generalization of the maximum principle for har-
monic functions) G is a harmonic majorant.

Finally, in Corollary 3, both w and —w are subharmonic; inside any
circle C (in D) w is consequently both not greater and not less than the
harmonic function agreeing with w on the circumference; w is harmonic
inside C.

TaeoreM 202.—If A is & conformal transformation of D, then a
function subharmonic in D transforms into a function subharmonic in A.

The converse part of Theorem 201 provides, in fact, an alternative
definition of a subbarmonic function in which the conditions are in-
variant under conformal transformation.

This proof is curiously indirect. An easy direct one would be avail-
able by means of

dz |®
A‘l'w = |~d?| A‘-fw > o)

if we might assume continuity of the second derivatives.
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THEOREM 203.— Let w be subharmonic in a domain containing
a circle |&8—2zo| < r, and let u be the Poisson integral of the values of w
on the circumference.” Then w << u for interior points of the circle.

N.B.—It must be borne in mind that Iw(re") df may be — ; in
this case the Poisson integral u is evidently — w at all interior points of
the circle, and the theorem asserts that then the same is true of w.

Let {, = 20+ p,c'® be an interior point of the circle. A linear trans-
formation of |2—2| < r into itself which transforms {, into the centre
transforms w into a subharmonic w* (Theorem 202). Also it transforms
the Poisson integral u(f) into

u*(z) = él; Sw‘(zo+re") do
[see §7.45 (ii)]. Thus

u(fy = 2% Sw'(zo+re") db > w*(zg) = w({y.t

THEOREM 204.—Suppose that w is subharmonic in |2—2.|< R, and
let u(z, r) be the Poisson integral of the values of w on the circumference
C, of centre z, and radius r<< R. Then, for fized z, u is an increasing

Junction of r (for r >|2—2,|). In particular jw(zo+re“) df increases with r.
If # > r we have w() < u({, ) for { of C, (Theorem 208). Hence
u(z, ) = {Poisson integral of w({)}
< {Poisson integral of u({, )} = u(z, 7).

COROLLARY. If w is not everywhere — oo in D then the integral of w
over any area D’ 18 finite (not — o).

In any bounded D_ w is bounded above, and so effectively of constant
(negative) sign. We observe now that the integral of w over either the
circumference or the area of a circle contained in D is finite. For by the
present theorem it is enough to prove this for the circumference; if the
circumference integral is —co then w = — oo in the interior (Theorem
203); the integral of w along the circumference of any circle contained
in D and intersecting the first is — co; and by & chain of circles w = — o0

t If w is continuous on the circumference % is & harmonic majorant of w (Theorem 60),
and the result of Theorem 208 follows from Theorem 201. This line of argument could be
extended with a little. trouble to cover the discontinuous case also.
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at any assigned point of D, contrary to hypothesis. Finally, if the
integral of w over some area D’ is — oo it will be — oo also for some
area of arbitrarily small diameter, and so for a circular area (containing
this) contained in D, which we have seen to be impossible.

21.5. THEOREM 205.—A finite sum, or a uniformly convergent infinite
sumt of functions subharmonic in D is subharmonic in D. The function
Max (w0, wg, ..., w,), where w,, w,, ..., w, are subharmonic in D, is sub-
harmonic in D. If k =1 and w i3 a non-negative function subharmonic
in D, then w* is subharmonic in D.

For the last result we have, in respect of condition (B),
k 1 19 k 1 . k 10
wi(zy) < (ﬂ w(zy-+1re )de) < o w* (244 re’) dO

(Theorem 1). The other cases of condition (B), and all cases of conditions
(A), may be verified immediately.

THEOREM 206.—Let A>0, k> 1. If f(2) is regular at every point
of D and | f| is one-valued in D, then |f|* log|f|, and
log | f| = Max (0, log | f])

are subharmonic in D. Further, |z|*|f|* s subharmonic, for every real
g, in the domain consisting of D less the point z =0. If u (not neces-
sarily real) is harmonic in D, then |u|* 18 subharmonic in D.

For | f|* we have to show that for a z, of D

|f@l < 271,; Slf (z0+7¢“) * dO

for sufficiently small r. This is evidently true if f(zo) =0. If f(20) 5= 0
we hiave f == 0, and so f* regular, in some circle |z2—z¢|< 7. Then

P = | = [ Prtren ds| < o 110 .

A similar proof applies to |z|*|f]* and to log|f| [harmonic where

flzo) # O1. lgg| f| is the maximum of two subharmonic functions, there-
fore subharmonic.

t 1f this is interpreted as Zc,f. (coefficients ¢, other than unity) the coefficients are to be
positive. ~
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Finally, if u is harmonic,

k
| u(eo) ¥ = |§1; ju(z.+re") d0| < -2—1_’; jl u(zo+re*) | d6,

so that |u|* is subharmonic.

21.6. THEOREM 207.—(i) Suppose that w 18 subharmonic in r, <|z| <rg
and not everywhere — co. Then

I(w, p) = EH- w(pe*) d

18 o confinuous convex function of logp in i <p <7,

(ii) Suppose that w is subharmonic in |z| <r and not everywhere — .
Then I(w, p) is a continuous increasing function of p in 0 <p <, con-
tinuity al p= +0 being interpreted as lim I (w, p) =w(0) = — oo in case

>0

w(0) = — o0,
(i) Let r; <p; <p <pg<Ty and let
logp =tlogpys+(1—t)logp, (0 <t<1).

There exists a decreasing sequence of continuous functions w,(2)
decreasing to w(z) for all z in p; <|z| <p, [§21.2]. By Theorem 71}
there exists a function

1) v=u,=k logp—i—%(a,, cos nf+b, sinnf) p™
0
@0
+X(c, cosnf-d, sinnb)p™,
1
continuous in p, < p < pg, harmonic in p; < p < ps, and agreeing in value

with w, on the boundaries of this annulus. % is a harmonic frontier
majorant of w for the annulus; hence

(2) I(w,p) <I(u, p)=klogp+a,=i(klogps+ay)+(1—1)(k logp,+ay)

= tI(u, pg)+ (1—28) I(u, py) =t1(wy, pa)+(1—1) I (w0, py).
Since w,, decreases to the limit w, I(w,)->I(w), and (2) gives in the limit
(3) I(w, p) <tI(w, pg)+(1—2) I(w, py)-

This proves the convexity.
Next, if I(w, p) is — oo for any p of (py, pg), it must, by the convexity,
be — o for an interval of values of p;.this, however, would involve

+ This is the sole, but essential, occasion on which we appeal to this theorem,
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the integral of w being — oo over the area of an annulus, contrary to
’{.'heo’r;am 204, Corollary. Thus I(w, p) is finite in the open interval
ry, 7

Finally, w is bounded above in p, <|2| <p, [§21.2]; so therefore is
I(w, p), and being convex it must be continuous. This completes the
proof of (i).

In (ii) we know already that I(w, p) is increasing in 0 <p <
[Theorem 204], and continuous in 0 <p <r. For the remaining result,
continuity at p = 4-0, we need only observe that on the one hand

I(w, 0) =w(0) < I(w, p)

for small p, and on the other w(z) and sot I(w, p) is less than w(0)+ e for
p < 38(¢) [by (A) (1)], whence lirgnoI (w, p) =w(0) = I(w, 0).

21.7. Theorem 207 gives, in particular, interesting results about the
mean values of analytic functions and harmonic functions. We recall
the definition

M, ) = (;J Feenl2an)" >0

THEOREM 208.— Suppose that f(z) s regular in |z|<r. Then
M, (p, f) 18 a continuous increasing function of p, and log M, 13 a continuous
convex function of logp, in 0 <p<r. The last result holds further in
7, < p < 1y if f is regular in the annulus only (or if f 18 regular at each point
of the annulus and | f| 13 one valued).

Similar results hold for harmonic functions w provided that A > 1.

The first part follows from Theorem 207, since | f|* is subharmonic

(Theorem 206).
In the second, it is enough to prove the result in an arbitrary smaller

closed annulus; we may suppose r, >0, and that w =|z|*|f|* is con-
tinuous (and subharmonic) in 1, < p<r. Following the plan of the
proof of Theorem 108 we choose p so that

0))] My, /) = M\(ry ) =T.

By Theorem 207, I(w, p) is a continuous convex function of logp. Since
the extreme values (at p = 1, 73) are equal to T we have

Iw, p) €T = {Iw, r)} {I@w, r)}*~

+ Supposing w(0) is finite: the case w(0) = —o needs only obvious modificationa.
M
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for every t; and choosing t = t(p) to satisfy
@ p=nn"'
we have )
PMY () < { MY () {rs MY (g}
= p* MY (r) MYO™O(ry,
log My (p) < t log My(ry)+(1—1) log My (),

which expresses the required convexity.
The results for harmonic functions require only obvious modifications
in the argument.

21.8. The following result, though we do not need it in the sequel, is
so powerful and striking, and so easily and attractively proved, that we
include it to end the present sectionft.

A function w, subharmonic n D, is the limit function in D of a
decreasing sequence of continuous subharmonic funciions w, ; more gener-
ally, is the limit funclion of a decreasing sequence of subharmonic w, with
continuous partial derivatives of any assigned order.

We may suppose w is not always — oo (when we can take w, = —n).

Let us define w,(z) to be the average, 4, w say, of w over the area of
the circle of radius 1/n about z}. By Theorem 207 (ii) w, ->w decreasingly
at each z of D. Since w is Lebesgue-integrable [Theorem 204, Corollary],
w,, i8 continuous (in any D’ for large enough n)§. Finally, if we denote
by Az an average over a circumference of radius R, we have relations
which we can write briefly and intelligibly as

Ar(w,) = Ap(d, w) = A, (Ar W) = A, (W) = W,

These show that w, satisfies condition (B).

This proves the result about continuous w,. We can repeat the
averaging process, obtaining ,(w,), 4,{4,(w,)}, .... It is hardly
necessary to give a formal proof that a high enough average leads to a
function with continuous partial derivatives of any assigned order. -

t For a report on the state of the theory of subharmonic functions to the date 1937,
see T. Radé, ** Subharmonio functions » (Ergebnisse der Math.).

t Naturally v, is defined only for n > 1/d{z, I’(D))

§ The difference of the values of w, at two near z's is a multiple of the difference of
thnmugrdlofuovortwomﬂm
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29. Subordination.

22.1. In what follows we shall denote the unit circle |z| <1 always
by y. We generally use p for |z|, and in any case p will always satisfy
p<1l. We denote by » any complex constant satisfying |n| = 1.

We denote by w(z) any function, regular in y, and satisfying w(0) =0
and |w(z)| <1 in y. By Schwarz’s lemma (Theorem 107) |w(z)| <|2|
in y. Equality holds if and only if w =n2. In fact, ® = w/z is regular
and || <1liny. Hence, by the maximum modulus principle (Theorem
101), |®(2)| = 1 for some z, 2, say, if and only if @ == ®(z,) = 1.

Let f(z) be a given function, regular, or, more generally, meromorphic
in y. If f(z) is any function of the form

(1 £@) =F(w(@),

we shall say that fis “subordinate” to f in y. It is evident that
J(0) = 7(0), and that f also is meromorphic in y. We say similarly that
f is subordinate to fin |z|< R, if f(R{) is subordinate to f(R{) for { in y.

The definition (1) may seem rather abstract; but there is a simple
geometrical interpretation. Let us first suppose that w =f is a schlicht
function in y, f.e. that it takes no value more than once. f conformally
represents y on a simply-connected domain 1 =1%(f) (on the simple
w-sphere) which does not overlap itself, or, as we shall say, ‘is a schlicht
domain”. In this case, if f is subordinate to f, we have f(0) =j(0), and
f takes only values inside 1>. [Note that f itself need not be schlicht.]

Conversely, if f has these properties, it is subordinate to f. Let Z(w)
be that function, inverse to w=f(2) and so regular in 1, for which
%(f(0))=0. Clearly w(z) = %(f(2)) is regular, and |w| <1, in y. Also
w(0) = Z( £(0)) = Z(f(0))=0. Hence f=f(w) is subordinate to f.

More generally, let w =f be ““locally schlicht” in y, i.e. let f have no
poles of order higher than 1, and /7 %0 in y. f conformally represents
y on a simply connected domain W = W (f) on a Riemann surface (con-
sidered on the w-sphere), the point w, = f(0), in some particular sheet,
corresponding to z=0. Let f be subordinate to f. To each point z in
y corresponds & well determined point w = f (w(z)) of 4. In particular
£(0) = w,, and to any curve in y beginning at z=0 corresponds a well
determined curve in 1 beginning at w,: the values of f(z), if continued
analytically from f(0) = w,, remain inside 1. [Note again that f iteelf
need not be locally schlicht.] Conversely, if f has these properties, it is
subordinate to /. The proof is the same as in the * schlicht” case.

M2
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Finally, if f is not locally schlicht, the only difference in the state of
things is that the domain (/) on the Riemann surface possesses alge-
braic winding points in 1. This general conception of subordination,
if less easy to grasp intuitively, is clearly the inevitable extension of the
simple one, for schlicht f.

We begin with some simple consequences of our definition.

LeMma 1.—If f is subordinate to J in |2| < R, and %(2) = y{f(2)} is
meromorphic in |z| < R, then x(z) = ¢(f) ts (meromorphic and) subordinate
toxn|z|<R.

For x=9(f) = $(f(Bw)) = X(Rw).

Lemma 2.—If fis subordinate to f in |z| <R, and R’ <R, then f is
subordinate to fin 2| < R’

Let [=R'¢/R. If ¢isin y, |w({)| < R'/R, and 8o w({) = (R'/B) w,(£).
Hence f(R{) =J(Rw({)) becomes f(B'§) =F( B’ w:(£)).

The following slight generalisation of Lemma 2, based on the

inequality |w(z)] < |?| and our remark on the case of equality, is
important enough to be formulated as a theorem.

TEROREM 209.—Let f be meromorphic in y, and let 10 denote the closed
sub-domain of W(f) corresponding to the values of f in |2|<p. If fis
subordinate to f in y, then the values of f in |z| <p [by analytical continua-
tion from f(0)=f(0)=w,] remain in W,. Frontier poinis of 1, are
attained if and only if f=f(nz). In particular, if f (and so f) is regular
n lZI <ps

@) Max | f(2) | < Max | f(2)|.
|8|=p |s|=p

with equality if and only if f = f(nz).
22.2. We recall (Theorem 1) the results

Mo, )= lim Mslo, ) =oxp {5 " og| ftoe] a8},

Moo, )= im M, )) = Mip, ) = Mox| o]

TaeoreM 210.—Let §(s) = g(=, y) be subharmonic in y, w(3) = u+iv
reqular and | o |Kp=|2|iny, gz, yY) =g (u, v). Then

[ seeman<| geemae.
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Let G(z, y) = G(z, y;>r) be the Poisson integral of the values of g
on |z| =r<1, and let G(z, y) = G(u, 0). Then, by Theorem 203,
l !7(-'5, y) < é(zr !I) (P < r)'
Hence, since |w | < p,
9@, y) = glu, v) < G, v) = G(z, ).

Also @ is harmonic in p < (or everywhere — ). Hence, if I denotes
the average integral, '

1@, p) < I(G, p) = G(0, 0) = G(0, 0) = I(g, n).
We now make r— p+4-0 and use Theorem 207 (ii), obtaining
I(g, p) < I( p)-

COROLLARY.—Let f be subordinate to f in y. Then if f (and so f) is
regular in |z| <p,

@ Mip, ) < Mip, ) OKAK @),
1 " + L 4 + -
@ = 10gls 108 < 5| t0g1 7148,
(3) My(p, B < Milp, Bf) (1<k<).

For | f, log | fl, ‘Jg|f|, [ f|* are subharmonic, and the cases A = co,
k = oo follow from Theorem 209.

We observe in passing that the result (Theorem 208) that M, is an
increasing function of p is a particular case of the corollary. In fact, if
p1 <p, the obviously f(p,2/p) is subordinate to f(z), and thus

MA(PI’ f) < MA(P’ f)p
99 . 3. This is a convenient moment to discuss ‘‘Jensen’s theorem"'.

TrEorEM 211.—Let f(z) be meromorphic in |z|<r, £(0) # 0, o, and let
8y, Gy, ..., Gy be the 26108, by, by, ..., by, the poles, of fin|z|<r. Then

® g =g [ togl oo o= o (=110 i)

We can reduce the theorem to the special case in which, with R>0,

we have
logR (R>=1)

@) J(R)=-2-:rjlog|l+Re")|d9=1;8R={o, (R<)).



166 SUBORDINATION.

For
» z
— X log l—b—

n=1

log| /| =log| fy|-+1og| f(0) |+ Z log -2

M

where log f,(2) is regular in |z| <r and zero at z=0, so that

5 | 1og fure®) | d0 = log| (o) =.

Next, the first case in (2) is reducible at once to the second by the
identity
log] 1-+ Be¥| =log | B|+1og | 1+ e

(and a trivial change of 8 to —# in the integration). Finally, the second
cage in (2) is trivial when R < 1.

Thus we have J(R) =l;gR unless R =1, and this case R=1 is the
only point that cannot be disposed of trivially. There are naturally
many ways of settling it, but none can be called trivial. With the
theorems at our disposal we can appeal either to the continuity or the

non-decreasing property of j' log| f(2)|d6, with f(z) = 1+2.
At an opposite extreme the result is equivalent to the definite
integral '
i
s log cosec 0df = §nlog 2,
0

which we may suppose known !

22.4. If f, and therefore f, is regular at z =0, they are regular in some
circle y,, or |z| <p. We then have expansions

(1) flz)= §a,,z", fe)= ﬁa,,z",
[} 0
valid in y;. We have, of course, a;= a,.

THEOREM 212.—Let f be subordinate to fin y, and f regular at z=0.
Then

(@) CARSE
with equality if and only if f=Fioe). Aleo
3 © |agl <Max (|@,], |,))-
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WP have f = f(w). Letw=a;2+agz?+.... Obviously |a,| <1, with
equality if and only if w =%2z. Henoce
laa] = £ (0)]| =|F (0)]| ' (0)| = |@y| | 4] <[],
with equality if and only if f= f(qz).
Next, let |a;| < 1. The function

w/z—a.l

Sl Tl P K

is also of the type w. Hence |ay| <1—|a,y|?, and this remains true if
lay]=1 (when w =1z, a3=0). Now f' =f"(w)w'?+f () ", and so
| 82| <[@a|aa[+[8s] (1| as[*) <Max {|4], [s]}-

We note explicitly the special cases A =0, 2, o of Theorem 210,
Corollary. They give respectively, for f regular in y,’,

1
@ as | Joglsteen a0 < g |7 tog | Ftoe 148,
® Zlan o™ L 2|3, )% p™,
) MaxlflgMaxlfl,
|sl=p [z]=p

the last of which we have had already.
The case A = 1 is also important, since it provides inequalities for the
coefficients of f.

TaROREM 213.—If f is regular and f is subordinate to fin vy, then,
forn>1,
|a”| < G[M]

’=(I-])II

For
ol =5 If.,f‘""’ ewap| < [[ 1 ieehia0 < pron e,

1 1 a-1
In this we take p =——, and observe that p~¢*~V = (1+ — 1) <e.

TegoREM 214.—Let f be regular and f subordinate to f in y, and
(o) =f(0)=0. Let 2,(a), Zu(a) be the n-th non-zero roots of f—a =0 and
F—a = 0 arranged in order of increasing moduli ;

| 2a(@) | = pala), |Z.(a)| = pula).
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r.(:E)[o (;u%aj) < ;_({)I< , (,ﬁ"‘e(;)) (a=£0),

LAl (p..(O)) < I.?A'P“_l o< (Fﬁﬁ)) ’

where a, is the first non-zero coefficient of f, and a, that of f. If a
product contains no factors it s interpreted to mean unity.

Since f—a is subordinate to f—a, we have, on every circle |z| = p,
1 1 (~ -
@ o Llog| f—aldd < o L log| F—a| de.
By Theorem 211, if ¢ = §b,z" is regular in y, b, 5= 0, and ¢, is the
A
n-th non-zero root of ¢ = 0, we have
1 9

® o £ log | ¢(pe®) | d6 = log
From (7) and (8) we obtain Theorem 214.

bAp* EIIO (fn)

Further snequalities for the coefficients a,,.
22.5. The inequality (5) of §22.4 can be generalised. We have in
fact

THEOREM 215.—If f is subordinate to f in y and f is regular at z=0,
then

) Elap<Eiar m=12 ).
Let f = f(w), and let
8,(2) = Zay2*, 3,(2)= >'lia,,zk.
1
Then 3, (2), &, (w) are regular in |z| < 1, and we have, for |2| <1,
5, (@) = Za, 0 =, (2)+ = by2%,
1 nt+l
say. Applying (5) of §22.4, with 3, for f and any p < 1, we obtain
L] [ @ n '
Z|a;[*p™ <Zay[*p™+ Z |by[*p™ <T|a[*p™,
1 1 ntl 1

and in this we make p-—>1.
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From (1) we have at once
) [6a| < v/ Max (|Gy], |y], ..., |Gy))-

In particular, if @, = O(1), then a, = O(4/n).

More than this is not true in the general case; for example (although
we cannot prove it here) there exist a regular f and a subordinate f, such
that @, = O(1) and a,, is not o(4/n). But if the behaviour of G, t8 sufficiently
regular (and @, is increasing) we can actually attain the ideal “|a, | <|a@,|”.

THEOREM 216.—Let f be subordinate to f in vy, where [ is regular at
2= 0, and let n > 2. '

(i) If the set of numbers a,, @y, ..., G, 18 non-negative, non-increasing,
and convex; t.e.

3,20; G, 1~ 20; @—28p41 18>0 (1<k<n—2);
then Ia,,l <51.

(ii) If the set of numbers @,, Gy, ..., G, 18 non-negative, non-decreasing,
and convex; s.e.

@,20; 3—8,>0; 8,—28 118320 @B<k<n);
then |a,| <a,.

The proof depends on two lemmas, the first of which is of interest in
itself.

Lasma 3.—Let g(z) = gb,+%b,zk, where, for k>0,

b =05 Ap=0bp—bi112>0; AF =bp—2bps1+bp19>0.
Then Rg(2) =0 in y.
Let ty=7,=14, and
Wo) =it n@=I46 6>

With the notation of §5.31 (3), 87,(z) =}R,(t) >0iny. Also as n->x
t,(z) >4(1+2)/(1—2), the real part of which is non-negative in y.
Summing twice. by parts, we have

}bo'i'}:? b2t = % By t3(2)+bp41la(2) = % A} 7 (2)+ Ap 174 (2) +bp a8 (2)-
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Hence 8 { }b.+€: b, z"} >b,,1R¢,(2) in y, and the lemma follows when we

make 7 >0,

Lemma 4—Let k>1 and o = Z.a®zn. Then in y

n=k
|P,,(z)|=lk§ ag)zklgl.
-]
We begin with the following general remark. If f=f(w), then

"
3) Gy = k§1 o® Gy

Now let |{|<<1. The function A(z)=3}(1+{w)/(1—{w) has a non-
negative real part in y. By (8), the n-th coefficient of 4 is P,({), and
the lemma follows from Theorem 110.

Proof of Theorem 216.—(i) By Lemma 3,

0() = 11 +Baz+ ... +Bpy 24T, D 2

n—-1

has a non-negative real part in y. Also, by §10.4 (2),
By pt= j By (o) e +-2d0 (1 <k <n).

Hence, using Lemma 4,

2 apm|< 2 [ mole|er Pueiao< 2| Boenao=a,

Let p—>1, when (i) follows from (3).
(ii) By Lemma 3,
h(z) = 48, +8,_12+... L Bs 2" 317, §1 2

has a non-negative real part in . Also

Gupre == [ Bhlpe)etod (1 <k <o)

Hence
| Betrmms|<d [ sintem i<t [ swonio=s,

and the proof is completed as before by making p->1.
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Lemma 4 enables us to give a proof of Theorem 213 independent of
Theorem 210. By Lemmsa 2, f(pz) is subordinate to f(pz), so that, for
some w, f(pz)=jf(pw). Also the n-th coefficients of f(pz) and f(pz) are
a,p" and @, p", respectively. Now

- 1 (-
and so0, by (3) and Lemma 4,

|onp™l =|Ead,pt| = | |7 Floe) Paean| <3 [ 1o 1a0.

23. The principle of subordination.
23.1. The general theory of subordination is a powerful weapon for
dealing with the problem of the set of values taken (or omitted) by an

analytic function. We may look at the question from two different
points of view.

I. In the first place let %(z) be a given function, meromorphic in y, and
consider the class 8 of all functions %(z), meromorphic and subordinate
to h(z) in y. In order to apply the general theory of subordination to
the class $ we begin with a special study of the superordinate function A.
If we suppose, to fix ideas, that our knowledge of it is complete, we obtain

results of several distinet types.

A. We know the domain 1%,(k) in which the values of each & for
|2| < p must lie [Theorem 209]. In particulsr, if 5 (and so every A) is
regular in |z| <p, we obtain an upper bound for |k| in |2|<p. More
generally, under the same assumption, we obtain upper bounds for the
means M, (p, 4) [Theorem 210, Corollary]. All these results are “best
possible ”’ ones.

B. Assuming again & to be regular at 2= 0, and writing h(z)=§h,,z",
°

ho=h,, We obtain upper bounds for |4,|, for f‘.[h,,l’, and for %lhﬂ [#p%n
_ 0
[§22.4, 5].

C. Lower bounds for the products II p,(a), where p,=|z2,|+#0,
Pa<p
h(z,) = &, are given by Theorem 214.
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II. The second’ point of view is to start with a given function f(z)
[or with & class ¥ of such functions], meromorphiociny. Any subordination
of f to some other function F would imply certain consequences, of the
types A, B, C above, for instance. If we now know, by some given
property of f [or of the class #], that one of these consequences is impossible,
then the subordination to F is impossible, and 10 (f) cannot *lie upon”
AW (F). This can be important positive information; for example, if F is
schlicht, f must take values that F does not. And, (as will be amply illustrated
below) F is largely at our disposal.

The systematic application of these ideas in both directions (I and II)
is what we call the “* principle of subordination >’ [Lindeldf principle]. It
may be regarded as an extension of the simple ‘“ maximum modulus
principle” of §9. The most interesting and important applications are
those connected with the famous Theorem of Picard [§24.4], in which
the elliptic modular functions are the superordinate functions. We post-
pone these applications, however, to later sections, confining ourselves
here to more elementary and more general results.

23.2. We denote throughout by M the (very general) class of functions
f(z), meromorphic in y and satisfying

1) fO)=0, f(0)=1,
and by R the sub-class of M consisting of those functions of M that are
regular in y.

Our first theorem is an immediate consequence of Theorem 212,

TeEOREM 217.—Let 0<t<1, 0<p<l. If f(2) and F(2) are
functions of M., then f(pz) 8 not subordinate to LF (pz), except in the case
t=1, f(z)=F(2).

This theorem, simple as it looks, is of great importance in direction II
of our principle. Given an f of M, we can, by choosing suitable functions
F(z2), or rather suitable Riemann domains 1&(F), obtain information
about the values taken by f. It may be noted that if U} (F') is the
domain of F of M, the “rotated” domain 7y (¥) (with |n|= 1) belongs
to the function 7F (5-12) of M.

23.3. The simplest applications of our principle come by choosing
the function F(z) to be z, and we devote the present sub-section (§23.3)
toit. The class of functions subordinate to 2 in y is the class of functions
w(z) (of §22). Here the elementary inequalities |a,| <1, and, more
generally,

) §|a..|'< 1,
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:re the simplest examples of type I, B. For a result of type I, C, we
ave

THBOREM 218 (Jensen).—Let f(2) 3£ 0 be regular and | f(z)| <M in y.
Let (p,) be the sequence of the moduli of the zeros 2,70 of f(z) i v,
counted according to mulliplicity and arranged in increasing order. Then

(2) Ilp, 2| a,} M-,

where a, is the first non-zero coefficient of the power series of f in y.
In particular, p, >|a,| M~ for each such p,.

CoroLLARY.—If f(2) i3 regular in vy, or, more generally, is meromorphic
wn y and subordinate to a funciion f(z) for which I1p,(0) > 0; and if there
exisis a sequence of zeros # 0 of f(z) such that Ilp, = 0; then f(z)=0.

If no p, exists, (2) is simply Cauchy’s inequality for |a,|. If there
are at least & such p,, and if p >k, we observe that 2f(z) is subordinate
to Mz in v, so that, by the second inequality of Theorem 214, if p is near
enough to 1,

la,le £~ <|alp T (£) <.

P
ﬁ P pa<p P,
1

We-obtain (2) by making first p -1 and then p -0,

The corollary is an immediate consequence of Theorem 214 if f is
rogular. In the general case we have f =f(w). Denote by {w®} the sequence
of zeros of f in y, each counted once only, and arranged by increasing
moduli. Since f(z,) =f{w(2,)} =0, the values w(z,) are among the w®.
Let z® denote those z,, if any, for which w(z?) = «w® Suppose that
w30, If 29 is & zero of order &P for f and of order ) for w(z)—wy, and
o is a zero of f, order I, then clearly

(3) . O =100,

Now w is subordinate in y to z. If one of the w®, w™ say, is zero (that
is, if f(0) = 0), and if a, is the first non-zero coefficient of w, then by the
second inequality of Theorem 214 .

' >a],
where each p ocours & times in the product. Hence, by (3),
(4) IpQ > |, [
where now s ocours according to multiplicity &5
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Similarly, if w® 30, the first inequality of Theorem 214 yields
I g > | ],
where each p{ oecurs ) times in the product. Hence
(8) I >|®f®,

where now pf? ocours according to multiplicity k¥. Combining (4) and
(5) we obtain

®  Tpa®= DT> 0" T|a0F >0 " T7,0)> 0.

This holds also, with |a, "’ =1, if no w® vanishes. Since (6) contradicts
the hypothesis of the Corollary, w(z)=0; that is, f(2) =f(0) is & constant,
which must be zero.

The corollary leads to an important extension of Vitali’s Theorem 113,
If we examine the proof in §10.6 it will appear that the essential fact
about the sequence {z,} is that a regular ¢ vanishing at every z, must
vanish identically (a ‘‘uniqueness” theorem). Corresponding to any
such type of sequence we may hope to find an extension of Vitali’s theorem,
and for the type in the corollary we have at once the following one.

THEOREM 113%.—Suppose (i) f, regular and uniformly bounded in y;
(ii) f,, > a limst (necessarily finite) for each z of 2y, 2,, ..., an infinite sequence
(of different z’s # 0) sn y such that Ilp, = 0. Then f,—f in y, uniformly
in every circle [z| <p<1l.

’To complote the results derived from the case F' =z, we observe that
any (other) f of M must take, in |z]| <p, values not taken there by F':
we thus have (a result of type II)

every funciion f of M satisfies
(1) Mex|f|>p (0<p<1),
equality being aitained only if f=z.

23.4. Consider next the class B of all functions w = B(z) = %b,,z",
0

regular in y and taking there no value w for which 8w = 0. Clearly either
Rw > 0 or Bw < 0 (according as Bb, Z 0) in 9, and B(z) is subordinate to

1) D= Ble) =y jiet+ire (bo=Batire).
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The QOmain W (B) is the half-plane Rio = 0 according as B, =0. The
d:mtzllil W,(B) [of Theorem 209] is the open circle extended over the
stre

@ Bo T E+ive o2l +ive

as diameter; the values of each function B(z) for |z| < p must lie in this
circle. In particular

® |B0)| <ltg|+ 2ol <o) L.

This is the best possible form of Theorem 109 (with U = 0).

As a (best possible) result of type I, B we have, by Theorem 216
(esther part!)

“4) |b,| <28, (n>0) [Theorem 110].

23.5. Lot a > 0, and let us consider the function

z
az+1

F,(z) belongs to M and represents y conformally on the interior (when
0<a<1) or exterior (when a>1) of the circle K, on the stretch
—(1—a), (14-a)"! as diameter. If a =1, K, degenerates into the half-
plane 8w < }.

If a # 1, the centre ¢ of K, and its radius r are given by

1) w=F,(2)= =2—az?+a?28—+....

a
2) c=a_1 " [@-1|

whence
rr—1) (e<l)
3 =
. r(r4+1) (@>1).
Taking all functions 9F, (y~*2) into account, Theorem 217 now readily yields

TaEOREM 219.—(i) Let ¢ be an arbitrary complex number. Every
function f(z) of M takes some value w with

(4) |w—e| > §+4/(3+[c|?) =ri(c),
and, if ¢ # 0, also some w with
(6) |w—o| < —4+v/ (}+|c[f) =rs(c).

IneachcaaethefuncﬁonF(z)mmtl.memepwdthatmapaymtheo&ck
complementary to (4) or (6).
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(ii) Let & be real. Every fumction f(2) of M takes some value w aatufymg
(6) R (we?) > .
The function F (z) = z/(ze'* 1) t8 excepled.

Theorem 219 is a special case (n=1) of

TarorEM 220.—Let f(z) be meromorphic in y, and for small |z|

) f&)=Za,z

Let C,(c) denote the open circle with centre ¢ and radius r.
(i) Let |c|<r. If the values of f (regular in y) lie entirely in C,(c), then

®) |aa] <22LCL,
(i) Let |o|>r. If f takes no values belonging to C,(c), then
(9) taa] < L8 (Lol

If, in this case, f(z) has a pole § in vy, then

(10) 1| >r§].

We may assume ¢ > 0. Put a=c/r and
a 1
G*=a’_l, r¥ = I_;._:l—'.
Then ¢ = Ac*, r=|A|r*, and A= 0 according as ¢ Zr. The relation (3)
between c¢* and r* gives : ‘
A=r(r+A); A=

c3—r?
rat

In both cases, (i) and (ii), f(2) is subordinate to
AF,(—2) = —A[z+az3+-ad224...].

Now a <1 if ¢ <r, and the sequence 1, a, a3, ... is non-negative, non-
inoreasing, and convex. Hence |a,|<|A|, by Theorem 216 (i). This
proves (8).

Similarly « > 1 if ¢>r; in this case the above sequence is positive,
increasing, and convex. Hence (9) follows from Theorem 216 (ii).
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Finally, in this case, if { is a pole of f, (9) yields
1¢1> [Em |a, o1 > .

There exists a simple direct proof for (10) which is worth noting, since
the idea of it can clearly be applied in similar ¢ases. We may suppose
again that ¢ >>0. The function F,(z) has its pole at {* = —1/a = —r/c.
Since f is subordinate to AF,, the value S(§) = oo must belong to AW, (F,).
Hence

,
HEIAErS

Theorem 219 may be regarded as a generalization of the classical

THROREM 221 (Casorati-Weierstrass).—Any non-constant function,
meromorphic in the whole plane, takes values in every circle C,(c).

To deduce this from Theorem 219 we may assume, without loss of
generality, that f(0) = 0, f'(0) = 1, and that ¢ # 0. Then R-1f(Rz) belongs
to .\l for every B> 0. Hence, by (5) (with ¢/R in place of ¢), we find that
Jf takes some value in the circle with centre ¢ and radius 2Rry(|c|/R), say.
Since this radius tends to zero as R->o0, we obtain the desired result.

23. 6. In this sub-section we give some more results of interest obtained
by various choices of the domain U*(¥#). We omit the elementary and
straightforward calculations necessary to show that the corresponding F
belongs to M, The F are all schlicht, and then, by Theorem 217, every
Sfunction f of A\ (except F) takes some value outside \>(F). In partiocular,
if U*(F') is the whole plane slit along certain curves, this means that any
f takes some value on the slits.

(i) A strip bounded by two parallel lines, contatning w = 0, of width
A = §n and eccentricity (distance of the mid-line from 0)
— B arccos ™
=— cos 5x.
(ii) The whole plane slit along the part |w| > } of some straight line
meeting the circle |w|= }.
(iii) The whole plane slit along the parts |w| >~/ (}) of n symmetric
rays from 0.
(iv) The whole ‘plane slit along the streich ¢, c/(1—4|c|), where
o0<|e|< . '
(v) The whole plane slit along an arc of length 4 arc sinp on the

cirole |w|=p, 0<p<1.
N
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In example (iii), with » = 1, the function
6] K(z)=-L) =228 3234 ...

of M represents y on the whole plane slit along the part w << —} of the
negative real axis. In fact

(ke+1)' =11%,

where the right-hand side has its real part positive in . The function
K(2) plays a fundamental role in the theory of *schlicht functmns
(see §26 below).

If a function f is subordinate to K, i.e. if f takes no values w < —}, then
|ay] <m. This follows, for instance, from Theorem 218 (ii).

23.7. The following example is so important for the general applica-
tions of the principle of subordination that we state it as a theorem.

TrEOREM 222 (Landau).—Let M >1. If f(z) of R satisfies | f| < M
in vy, then f takes all values wy with |w,| < 7(M) where

i) r(M) = Me=; LNZ

=M (@x>0).

If |wy| = 7(M), that function F of R must be excepted which represenis vy
conformally on the part |w| <M of the Riemann surface of log (w—wy)t.

We may suppose w, real and positive. We begin by determining the
function F, which we do by easy stages; the calculations, if a little
tiresome, are forced. The function '

belongs to R, 14 (F,) being the half-plane 8w > —3}. Hence, if ¢ is a
positive constant to be determined later,

F’ = a—ae"’l/‘

belongs to R, never takes the value a, and has for 1y (F,) the part
|w—a| < ae/®) of the Riemann surface of log '(w——a). We can now

‘t The circle |w|< M with w, excluded is a doubly connected surface; the surface of
the theorem, with its infinite winding-point at w,, is simply connected. (An infinite
winding-point is a boundary point of & surface, and does not belong to it.)
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.modify F, by the linear transformation

) F= j,"{ﬁ

F belongs to R if F, never takes the value —), and contains the
undetermined @ and . We choose A s0 as to make {= g,i 3 describe a
circle |{| —constant when [’ describes |{’'—a|=ael/3; this happens,
with [{| = M = sinh {1/(2a)}, if A = a(e¥2—1), and then F [given by (2)]-

never takes the value a_:-gx (corresponding to the impossibility F,=a),
nor F, the value —A (corresponding to F; % —1). We choose a so that
T= m = a(l—e /%) = Me-1/@a), and then F, now completely deter-
mined, has the required properties; viz., it belongs to R, and represents
y conformally on the part [w| < M of the Riemann surface of log (w—7),
M being connected with = by the relations (1), with == 1/(2a).

Now this Riemann surface W =13 (F) is locally schlicht, i.e. has no
finite winding points, but only an infinite (logarithmic) one, and its
boundaries are the same in every sheet. It ¢s evident, as a result of these
two properties, that any function ¢ with ¢(0) = 0, and taking no value not in
A& (i.e. not taking the value v and not taking any value w with |w| = M), must
have its values, continued analytically from $(0) = 0, confined to the surface
&, and so, by §22.1, be subordinate to F. (It is clear that this inference,
about surfaces (¢ that are both locally schlicht and ¢ alike in every sheet ",
can be widely generalized, though we shall not attempt to state the con-
ditions with complete precision. We shall meet an even more important
instance than the present one in the ‘ Picard” section, §24.) Now we
know that f (of R, satisfying |f| < M, and other than F) is not subordinate
to F, and we conclude (since |f| < M) that f must take the value 7 in y.

The rest of the theorem is now easy. It is evident that M increases
from 1 to co as « increases from 0, while 7 = 7(M) decreases from 1 to 0.
Since M can be increased arbitrarily in the hypothesis of the theorem,
we see that.f takes all values 7(M’) for M > M, and so all values

0{100 <‘r.

23.8. The importance of Theorem 222 for our general principle is
shown by

TurgoreM 223.—Let f and F be two functions of M. Let M > 1 and f
be subordinate to MF. Then f takes all values belonging to M\ a)/p (F),

where 7(M) is defined in §23.7 (1). .
N
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We have f = M F(w), from which it follows that Mw(z) belongs to R.
Also M|w(z)| <M in y. Hence w(z) takes all values |w|<t(M)/H,
and this proves the theorem.

Note that =(M)/M decreases from 1 to 0 as M >1 increases.

If now f has appropriate properties, Theorem 223 gives us lower bounds
for the M >1 for which f can be subordinate to MF. In particular, if

[ belongs to R while F has poles, then (a2 (F) must not contain the
point w=oco. Thus we obtain

TuEOREM 224.—Let f belong to R, and let F of A\ have a pole { i y
(which we suppose that of smallest modulus). Let

m |t =ex, ye="ERL

If now M < M*, then f 18 not subordinate fo M F.
In particular, if F is schlicht, f takes some value not taken by MF.

This represents the improvement in the conclusion of Theorem 217
arising from the extra hypotheses that # has { as a pole, and f is regular
instead of meromorphic. The value of the improvement is seen from the
fact that when F has only the single pole { in y the result of Theorem 224
18 best possible.

To see that this is so, let G be the extremal function of Theorem 222
that belongs to R and represents y on the part |w| < M* of the Riemann
surface of log (w—M*[), never taking the value M*{. Then clearly

@) F*@)=M*F (375 Lf,)

belongs te R (since the argument { cannot occur on the right) and is
subordinate in y to M* F. Thus the inequality M < M* of Theorem 224
cannot become an equality, and the theorem is best possible.

23.9, As an example, let a > 1, and consider again the function

(cf. §'23.5)
z

az+1°

F.=

This has the pole { = —1/a. Hence, by §23.8 (1),
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With the notation of §23.5, (2) we have further

1 * ‘
M*o=.2.1_(; j}[*r._:ﬁ=y:__c_=M*oe-x=Mtce-l/(2M‘c).

The function F*(z) derived from F, by the formula of §23.8 (2) repre-
sents y on the part |w—M*c|> M#*r of the Riemann surface of
log (w—M*c). Replacing M*¢ by ¢, we obtain the following improve-
ment of Theorem 219 (5) when f belongs to R instead of M :

’THEOREM 925.—Let ¢ bc an arbitrary complex number #0. Every
Sunction f(2) of R takes some value w with

(1) |w—c| < |c|e /D = r,¥(c).

That function F of R must be excluded which maps y on the part
|w—c| > r§(c)

of the Riemann surface of log (w—c).

[A simple direct proof of this theorem is possible by using the funetion

Fy(z) of §23.7 as superordinate function.)
We add here the corresponding improvements for the class ® of the
results (iv) and (v) of §23.6, omitting the elementary calculations.

(i) Let x>0, and let 3 be real. Every function f of R takes some value
w on the stretch

(2) Z—;tanhx<|w|<4—;cotanhz (arow = 9).
That function of R must be excluded which represents y on the Riemann
surface of log (w— 1/ (4w)) slit along this stretch (in every sheet).

(i) Let 0<p<l. Every function f(z) of R takes some value w on each
arc A of the circle |w|==p with aperture

—22
(3) 4 arc sine~*, where 1 2:- =p (x>0)

That function of R must be excluded which represents y on the Riemann
surface of log (w—a), slit along A (in each sheet), where a is the mid-posnt

of A.
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23.10. We now enter on a digression, and must begin with the

following

Lemma.—Let w = f(z) belong to R and satisfy | f| < M in y. Then the
inverse function z=p(w), with $(0)=0, s regular and schlicht jfor
|w| <1/(86M), and represents this circle conformally on a domain d inside
|2] < 3/(14-M), while f is schlicht in d and represenis it on the w-circlet.

CoROLLARY.—Let w= F({) = a,{+a,(2+..., where a, # 0, be regular
and satisfy |F|<M in |{|<R. Then the inverse function ®(w), with
®(0) = 0, is regular and schlicht for

2 R2
IwI<S=%|1'%},—Ii,

which circle i8 the image by F({) of a domain in |{| < R.
The corollary, an easy deduction from the main theorem, is what we
actually use. To prove the theorem, let f= ‘Ea,, 2 in y. Then a;=1,
1

M>1, e, <M. I [2|=p<1,

® n— Mp
M) 1] > p(1-Elanl ) > p(1-12).
Let P*=2(ll_—]:ﬂ7)‘ Then
(2) , fR)#0 (0<]|z|<p*),

while on |z|=p*
Mp# 1 1

Since f(0) =0, f'(0)= 1, it follows from (2) and (3) that f takes in
|2] < p* each value w satisfying |w| < 1/(6M) exactly as often as the
value w = 0, that is exactly once. Hence z = ¢(w) is regular and schlicht
in |w| < 1/(6M), and maps it on a domain & inside |z| < p*.

We are now in a position to prove

TrmorEM 226 (Bloch).—Let w = f(z) belong to R. Then \0(f) contains
an open schlicht circle of radius F; that is to sayl there exisis a simply-

t The lemma gives a lower bound for the radius of convergence .about w = 0) of the
function ¢(w) inverse to f(z).
t To express the result in a form that does not mention Riemann surfaces.
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connected domain D in y such that f is schlicht in D and the f-image of
D contains an open w-circle of radius 7zt

This exceedingly odd and striking theorem resembles Theorem 222,
but the condition | f| < M of the latter theorem is completely dropped
(and nothing replaces it, except that ~(M) becomes an absolute constant).
It can be used to prove some of the *“ Picard > theorems of the next section
(indeed it gives proofs in which the function theory involved is of the
least possible “ depth ). For these reasons this seems the best place for
it, although it is not actually connected with subordination.

Given the existence of the theorem, and (what will become plausible
in a moment) that the lemma is relevant to its proof, any competent
analyst should be able to find one: it is true that the oddity of the theorem
is reflected in the critical step of the proof, but the step is forced, and
then not difficult to make.

We may suppose f(z) regular in |z| <1. If the domain D is a circle,
as we naturally begin by trying, let it have centre z,, with |zy|=p. We
want

w=F() ~feo+-0)—ft) = 6y {+a P Fe,
where w6y =1"(z),

to have an inverse ®(w), schlicht in |w|< s, where s is at least some
absolute constant.(the value of which happens to come to ;). The
corollary of the lemma provides a permissible s given by

_la.* B?
Cbs=""pr

where R is some radius, necessarily less than or equal to 1—p, in which
F is regular and |F|< M= M(R). Now given 2, and R,

R
M = Max | f(zg+0)—f(z0)| = Max | [ et reyar|
ISI<R [())] [}
A crude upper bound for this is
R
M <[ plp+ Bydr = Bulp+B),

where pt)= %glf’(z)l;

+ The constant ;' is not best possible; the true value is not known.
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1(t) increases from 1 at ¢ = 0 to.a finite value at = 1. The corresponding
value of s is now given by

|f () |* B '
w(p+R)’
and we want to make this as large as possible, and greater than an

absolute constant. We have at our disposal p, R (< 1—p), and argz,.

The last we naturally choose to make |f’(z,)| have its maximum value
k(p); then

68 =

Ru(p)
= w(R+p)

The denominator increases with R (for given p), and p + K must certainly
not be 1 [x(1) can be arbitrarily large]; it is reasonable to try B == }(1—p),
which makes the ratio of the distances of p and p+ R from 1 equal to 2}.
We thus have a permissible s given by

(1—p) u*(p)
125 =
p{E1+p)}
We still have p at our disposal, and the final question is: is there
an absolute constant a (ultimately @ = 1) such that, given any

f @)= Y+byz+...
regular in |z] <1, there is a p in 0 < p < 1 such that
r{(14p)} < 28(1—p) 2 (p);

or, simplifying by 1—p =2z and multiplication by =z, is there an x in
0 <2 <1 such that

(4) rp(1—42) <afzp(l—a))??
The answer is affirmative, and it is sufficient to know about u(z) that
it is continuous in 0 <z <1, and p(0)=1. The graph of

in 0 <2 <1 is continuous, starts at 0 at x=0, and is 1 at z=1. Let
£ be the least value such that A(£) = 1; ¢ cannot be 0 (but may be 1).
Then A(}£) < 1= h3(§), and ¢ gives a suitable value of  when a4 is 1.

By inverting the point of view we have the following result, which is
what we shall actually apply to prove * Picard’’ theorems.

1 Any abeolute ratio greater than 1 would give some final absolute constant.
\
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CoRoLLARY.—Suppose g(z) = bo+-by2-1-by22+... is regular in y and
has some missing value w, in every circle |w—c| < k of given radius k. Then

() |b,y| < 24F.

If b, #0, we apply Bloch’s theorem to f=— (g—by)/b;. There exists
an open circle of radius ;4 all of whose points are values taken by f.
Hence there is a circle of radius 5|b,| all of whose points are values
taken by g. This radius must be smaller than %.

24, 25, 26. The functions P, Q, R.

24.1. We denote by P(2) any (‘‘Picard’’) function which is regular
and never takes the values 0 or 1 in y; by Q(2) any function which is
regular and never takes any value +2nwi (1 =0, 1, 2, ...) in y; by
R(?) any function which is regular and never takes any value —4x'%’
in y. It is evident that the necessary and sufficient condition for a
function to be a @ is that it should be of the form log P, and that the
necessary and sufficient condition for a function to be an R is that it
should be of the form 2.

When P and P occur together, it is to be understood that P is also
a function P(z), and that P is subordinate to P; gimilarly when @, @ or
R, R occur together. Finally we denote the coefficient of 2" in P by p,,
in @ by g,, and in R by r,.

We use the symbol 4 (2, ¥, ...) to denote a positive constant depending
only on the parameters shown explicitly, viz. , y, ..., but not the same
at different occurrences. In particular A always denotes a positive
absolute constant, but not always the same one. When we wish to pre-

gerve the identity of an 4 we write Ay, Ag, ... ;
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24.2. In Fig. 9 4, B, C are the points.z = i, ¢~i", ¢~#", and 4B, BC,
CA are circular arcs orthogonal to the circle |z|=1. (4BC is thus an
equilateral curvilinear triangle with zero angles.) Let w = u(2) represent
D, the interior of triangle 4BC, on II, the upper half w-plane, the points
4, B, C of the z-plane corresponding to w = 0, 1, @ of the w-plane.

Invert the triangle 4BC in each (primary) arc 4B, BC, CA of the
triangle. Now invert the whole resulting figure in every secondary are
then the whole resulting figure in every tertiary (i.e. outermost) arc, and
so on. Inversion in a circle converts a figure exterior to the circle into
one interior fo it, preserves angles, and leaves an orthogonal circle in-
variant. Hence we obtain a figure composed of sides of zero-angled
triangles, orthogonal to the circle ABC, and with all corners on this
‘circle. It is plausible that the complete figure inverts into itself with
respect to any side (shaded and unshaded regions being, however, inter-
changed) : this property is actually true, and follows without difficulty
from the georhetrical principle : ‘‘if y, 8 are circular arcs inverse with
respect to a circle a, then the circles y', &', o' obtained by inversion in any
fourth circle have the same property’’.

(C) . w=Q ’ w=/ N (C)
—< ) ." = <
] Fig. 10.

We observe next that the greatest of the outermost ares of the n-th
stage is small when n is large. If not, there must exist an arc 8
(orthogonal to A BC) whose interior is free of sides of the figure, for sides
do not intersect. It is, however, evident that there must exist a con-
tracting sequence of sides, one for each stage of the generating process,
spanning B; these have a limiting arc 8, spanning or identical with
B, the interior of B, being free of sides. Bui evidently the inverse of
triangle ABC in a side of the figure nearly identical with 8, must enter
the interior of S,.

Next, every point P of the circumference |#|= 1 that is not one of
the denumerable set of corners is spanned by an infinity of,sides 3, con-
tracting on to P as & limit point. Bince sides do not intersect, the complete
triangles of which B, is a side are inside S3,.
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From this we conclude finally that every point in |z| <1 is ultimately
covered by a triangle and that every point (corner or not) of the circum-
ference |z| = 1 has an infinity of arbitrarily small triangles near it.

We show now that the function p(s) can be continued throughout
|[2]<<1, and has |z|=1 for a line of essential singularities. By the
symmetry (or inversion) principle (Theorem 118) . is regular across AB
and takes in ABC,, at a point inverse with respect to AB to a z of D,
the value conjugate to u(z). [Then w = u(z) represents the interior
of AC,BC on the domain bounded by the continuous lines of Fig. 10.]
Similarly for a path crossing any number of sides. u is ‘‘schlicht’’ in
every shaded, and in every unshaded region, taking in shaded regions
values w belonging to II, in unshaded ones values belonging to 1, the
lower half w-plane. A point of the circumference |2| =1 has an infinity
of small triangles near it; hence p takes any value other than 0 or 1
infinitely often near the point. We see also, since u is ‘‘schlicht” in
each quadrilateral composed of two adjacent triangles that p’ #0 in
|z| < 1.

It follows that ¢(w), the many-valued function inverse to u, has
w=0, 1 (and ®) as its only singularities. If, for example, w, is in II,
there exists in each shaded triangle a z such that p(2) = w,, and there
exists a branch of ¢(w), regular in IT and so in the neighbourhood of 1,
such that ¢(w,) = 2. There will exist an infinity of branches of ¢, but

each is regular at w,. .

24 .3. The Riemann surface 1 of w= pu(2).

To a z-path from a point of triangle 4BC to one of 4 BC, corresponds
a w-path represented by the broken line in Fig. 10. We take an infinite
number of half-planes II and II. Start with II, a particular IT, correspond-
ing by w = u(2) to D. Corresponding to 4C, B we must have a IT, joined to
II across (0, 1). If we now (in the z-circle) cross BC, into 4,C, B we must
join a II, to I, across (1, ©). And soon. We obtain a surface (& of ®?
gheets with winding points of infinite order, in each sheet, at w =0, 1, ®.
Note that the w-paths corresponding to two z-paths from P to @ lead to
the same point of . [Proof by induction: if & path is deformed to go
into one new triangle it comes out by the same arc that it went in by.]

The equation w = p(2) represents y on 4. The inverse function ¢(w)
is regular and “schlicht” on 1 (the points w =0, 1, @ in every sheet
being taken as boundary points).

The precise definition of 1 is as follows. Take an infinite number of
planes, each cut from —® to O and from 1 to +®. Take one such
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plane, W,. This has four edges, two companion edges from — » to 0,
two companions from 1 to 4+ . To each edge we join the companion
edge belonging to another cut plane (one plane for each edge, four new
planes in all). The assemblage W, of three sheets has twelve free edges
(and corresponds to a dodecagon in the z-figure). We now deal with
these free edges in a similar manner, affixing the companion edge of a
new cut plane to each. And so on. We obtain a sequence W, Wi, ...
of surfaces, and 1¢ is imW, = ZW,.

The following remarks may instruct the suitably informed reader.
They are not used in the sequel and may be ignored if necessary.

(1) A& is simply connected. This follows from the one-one coutinuous
correspondence with y; but it is intuitive from first principles, since a
closed contour on 1% cannot surround a branch point and ean shrink con-
tinuously to evanescence.

(2) The existence of a function w = F(z, py) representing v on 1 with
F(0) = p, is a particular case of a general theorem that -y can be repre-
sented (with a triple arbitrariness) on any simply-connected surface of
a certain type (to which 1 conforms). (It then follows by an argument
given below that P(3) is subordinate to F. Actually we shall arrive at
the function F via the u of the preceding argument.)

(8) [Bketch only.] F(z) is certainly an automorphic function. For
let P, P’ be any two homologous points (points with the same w) of 1.
To a path PQ from P to a variable @ corresponds a homologous path
P'Q’, and the Q' corresponding to a given @ does not depend on the path
PQ. The relation set up between @ and @' is evidently conformal in
the geometrical sense (is one-one and preserves angles), and transforms &
into itself. If 2, 2’ are the 2-points corresponding to @, @', we may expect
the transformation from z to 2’ to be a conformal transformation of y into
itselt, and this is in fact the case. Such a transformation is necessarily
linear (by Theorem 119), and since w is the same for Q, @', it leaves F(z)
unaltered. F(2) is therefore invariant for some linear transformations, and
therefore for their group.

24 .4, PicarD’'s THEOREM FOR INTEGRAL FUNCTIONS.—An integral
function F(z) which takes neither of two distinct values a, b is a constani.

We may suppose @ =0, b = 1. Then g(s) = ¢(F) is regular for all z. -
But |g] < 1. By Liouville’s theorem g = constant, F = u(g) = constant.

CoROLLARY.—A function F(z), meromorphic in the whole plane and
having three distinct missing values a, b, ¢, t8 a constant.
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(F—a)! is an integral function with (b—a)~! and (c—a)".1 as missing
values. )

24.5. PicARD’s THEOREM FOR A OIRCLE (Schottky).—
M(p, P) < A(p; Po)-

We have p, = P(0) #+0,1. Hence there exists a unique z = a,
corresponding by w = u(z) to w =p, and lying in D+D4+(B4)+(40)
(D4 being the inverse of D with respect to BC). Then

— 2T —_ LEL—
g—a{,z—-l’ or z—a,',g‘—l'

transforms vy(2) into (), 2 = a, into ¢ = 0, and the triangle ABC into
a {-triangle 4'B'C' with zero angles. The function

w = P p)=w) = u(372).
uniquely defined for given p,, represents y({} on &, a w = p, (point @ say)
corresponding to { = 0. (" is locally schlicht, and every sheet contains
all values w except 0, 1, 0. A P({) must have its representative point,
continued anaytically from Q (w = p,) corresponding to { =0, confined to
&, and so, by §22.1, must be subordinate to F({). [Compare §23.7.]
Consequently
M(p, P) < M(p, F) = Ao, py.

24 . 6. There is an extension of the last result.
Taeoren 227.—If | P(0)| < w, then

Mo, P) < 4(p, ®)-
Corortary.—If | P(0) | < =, then | p| < 4,(w).

Suppose first that p, is confined to the closed D’ defined by |w| < =,
|w| >3, |w—1|>} Evidently a, is a continuous function of p, (if we
allow a, to go out of the fundamental region) and so F(¢, py) is & cou-
tinuous function of the pair of variables arg{ and p, (f |{|=p <1 is
kept fixed and p, is confined to D'). Hence M(p, F) is continuous in p,,

M(P’ F) < A(P’ ©),
#)] |P| < 4(p, m) (I1&)=p
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We show next that we may add the cirele |w—1| < % to D’ (giving D})
without prejudice to the form of this inequality. The two branches of
+/P are P's, and their constant torms are p} and —p}. Ifnow |p—1|< ¥
one of these must lie in D’. By (1) we have

|VPl< A(p, ®), |P|< Ao, »).

Finally, we may similarly add |w | < % to D, since if |py| <3, 1—P is
a P whose p, belongs to D, |[1—P|< 4 (p, ») and | P| < 4(p, ). But
D} has now become |w|< =, and we have proved the main theorem. .

The corollary follows since 3 |, | < M}, ») < 4(=).

24.71. The following theorem is an application of Theorem 227.

Suppose that a > B, and that (2), with only a finite number of sin-
gularities in z > 3, has the properties ; (1) for every 6 >0

¥(@)= Fm [4(z-+i)

18 bounded in z > a+9d; (2) fo; every § >0 ¥ is not bounded in
z>a—3. Then for every 8 > 0 | takes every value, with one possible
exception, an infinity of times in |z—a| < $, y > 0.

Suppose this false. Then there exist a, b, 6> 0, such that
Yv#a, bin|z—a| < 64, y > n; in particular Y a, b in |z—z,| <46
when z, = a+4 and y, is large. We may suppose a =0, b =1 [other-
wise let ¥ = (Y —a)/(b—a)]. BSince |Y(z) | < K, Theorem 227 gives

Max| Y (ot-4de) | < Ay, B = Ko

Y| <K, in |s—2,| < 26.

Since the 2 circle touches * = a—¢ and y, may run through all large
values it follows that v is bounded in # > a—38 a8 y > +®, and this is
false. ‘

24.,72. To give point to this application we digress to prove the
following famous result (Bohr).

The function {(2) = Zn~* has the property of Y, with a =1.

It is well known that {(¢) is regular except for z=1. In z > 14,
|¢| € Zn'-* < K: it remains only to show that { is not bounded in any
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# > 1—46, y > 1, and we shall actually prove that { is not bounded in
2> 1, y>1. To this end we must prove first:

DiricrLer’s TarRoREM.—Given 6, O, ..., Oy, >0, and a positive
integer q, there exists a t > T, such that

Heb:<1/g r <M,
and wn fact such a t can be found satisfying also t < Tq”.

@®
CoroLLARY. If Xa, 8 a convergent series of non-negative terms, then
1
I ) »
lim RXaq,ev =2gq,.
y—>o 1 1

Consider the unit cube in N dimensions: divide each side into g equal
parts and draw, through the points of division, * planes” parallel to the
coordinate planes, thus dividing the cube into ¢¥ compartments. Con-
sider the g¥+1 points

(0, 70y, ..., TON) =1, 2, ..., ¢¥+1)

reduced (mod 1) in each coordinate. All lie in the cube, two therefore,
say for v, and vy, lie in one compartment. Then

Hrowi—w) 6} I<1/g r < N),

and we have what we want by taking ¢ = 7|y, —y | > .
For the corollary, the theorem gives at once

N N
lim®Xa, eV =X a,,
1 1
and we can replace N by oo on account of the uniform convergence.
We return now to {(2). Given a (large) positive g we choose first z,
satisfying 1 <z < 2 and such that
Zn~* > 6g;

then N so that § nrt<g;

N+1

+ {«} denotes in general the difference betwesn = and the integer nearest to z, and in the
ambiguous case 2 = 7+ } it denotes +4.
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and then y greater than an arbitrary » and such that

cos(ylogn) >% (< N)

N ®»
Then Bl(z+1y) = Zn~" cos (y log 'n)+N2l
+
N @ @ ©
>3Zn = I n*> Zn -2 3 n*
N+l N+

>89—-2 =yg.

Since this happens for some y greater than an arbitrary s, and ¢ is arbi-
trary, it follows that { is not bounded in z > 1, y > 1.
Taking as known, (i) the corollary of the lemma, (ii) the general
principle
im > Tim Iim,
y—>o (>1) 2->14+0 y—>»
valid for any real function of z, y (defined in the relevant range), we
can condense the above proof into the single line:

—e R I @© —— a
lim R(z)> lim lim BRIn*¥= lim Xn==oo0.
y—>o (z>1) 2->140 y—>» 1 z—>140 1

24 .73. Theorem 227 gives an casy proof that a uniform function with
3 missing values in the neighbourhood of an essential singularity is neces-
sarily a constantt. We may suppose the essential singularity at z = o, and
the missing values to be 0, 1, co. It is enough, by the maximum modulus
principle, to prove that F(z), regular and never 0 or 1 in Ry <|z| < o,
is uniformly bounded on some arbitrarily large circles |z|= R. Now
by Weierstrass’s Theorem there exist large circles |z| = R each containing
a point, z, say, with | F'(z))| < 1 (say). We can find a chain of N+1< 4
circles Cy, Cy, ..., Cy, with centres 2y, z,, ..., 2y on |z| = R and satisfying
Max (|2,—2|, |2a—21), ..., |20—2x|) < $R, while the circles themselves
have radius }R. Applying Theorem 227, with p=14, to Cy, Cy, ..., Cy
successively, we find | F(z,)| < 4 (0 <n < N); by a final application to
each C, we have |F(z)| <A in each circle |z2—z,| < }R, and conse-
quently on the whole circumference |z|= R.

t In the early history of the subject this natural extemsion of Picard’s original
theorem was regarded as a new major problem. That this is no longer true is another
instance of the effectiveness of the ‘‘ w » form (Theorem 227) as compared with the * p,"’
one.
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24.8. The inequalities so far proved for P involve functions A(p, po)
or 4(p, w) of unknown form, depending on the form of F(z, p). We
shall show now that without any further inquiry into the special nature
of F, and assuming merely its existence, we can obtain results of fair
precision. We prove first:

LeMma.— |q1] < A(| go|+ D).

Let » be the least integer such that (|g,|+4+1)/(2n7) <3}. Then
Q) /(@nwi) = ay+a;2+... is a P, and |ay|=]q,|/@n7) <3. By
Theorem 227, Cor., we have |a,| < 4, |¢;| < An < 4(| g, |+1), the result
of the lemma.

Our subsequent arguments can take either of two forms.

(i) Consider VY (2) = Q() = by+b,2+..., where = (s—z)/(z52—1)
and |z, =p < 1. isa Q(2), and its g, ¢, are

Q) and —Q'(e(1—|z[").

Hence 1@z | < 4 | Qo) | +1

I—l‘?o|a )

% log {14+] @z |} < ll_fl'g‘&i)] < 1fp*’

log {1+ Q9 |} < 4 log 72— +log (1+] go )

Q) | < 14|Qz9) | < A1 +|go )1 —p)~4.
Thus the “order’ of @(2) in the ecircle does not exceed an 4.

(ii) In proving the last inequality we may suppose without loss of
generality that 5, =p. Let x(2) = Q{p+(1—p)z}: x is & Q(2), and its
do 71 8re Q(p), (1—p) @ (p). The lemma gives

A-plQEI<4{1+|Q@I},

and the argument is completed on the same lines as before.

We shall meet again with arguments on the lines of (i) and (ii); we
call them respectively the {-argument and the p-argument. The former
gives a better inequality [since 1—p* ~ 2(1—p) as p—1] and in some
connexions gives a best possible one. The latter, however, is always

o
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simpler in detail, and therefore preferable where neither method is best
possible.

What these arguments do is to show that in suitable circumstances
[those in which w = f(2) is restricted to move on a given Riemann sur-
face] all points of y are roughly on an equal footing : we can transfer a
property of the origin to an arbitrary point 2. When the property of
the origin is of type | a,| << F(aq, @y, ..., @s-1) the transferred property is a
differential inequation for f(z) of the n-th order.

24,9, The lemma can be deduced from Bloch’s Theorem (Theorem 226)
[and so without assuming even the existence of the function wu(z)].

Let f = 4/(Q/2mi) (any determination). fis regular in y, and f # 4-4/n
(n >0). Since the function arc coshw has w= 41 as its only singu-
laritiest (any determination of) the function

g = aro cosh f

is regular in 9, and g # 4 arc cosh 4/n4-2mnt (m an integer)].

Now are cosh 4/(n+1)—arc cosh4/7—>0 as n->o. Hence there
is an absolute constant k& such that any w-circle of radius % contains a
missing value of g. By the corollary to Theorem 226 we obtain

|g'(0)] < 24k = A.
R i v

and so

ol <4 4/ {4l (%l 1)} < 4qgl+1),

the desired result.

26.1. So far we have used only the bare existence of the function
p(2). To obtain ‘best possible’’ results we need full information about
it; p(a) is actually an elliptic modular function.

Let z=8(r) be the linear transformation that makes the points
z=1t, e, ¢ (points 4, B, C of figure 10) correspond to the points

1 Consider the derivative.
: Otherwise cosh g == f = ‘/n,
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T==00, 0, 1, respectively (points 4, B, C of figure 11). Then u(z) becomes
the function

@) Ar) = p(8@).

A(r) transforms the upper half r-plane into our Riemann surface 1, the
‘“circular” r-triangle A4, B, C being transformed into an upper half
A-plane, the points 7= 0, 0, 1 corresponding respectively to the points

_
_

-,
-

a=) =0 T=,
B c
Fig. 11.

A=0,1, . Now it is well known that the elliptic modular function
known as k%(r) transforms our r-triangle in exactly this manner. It
follows that

(2) Alr) = k(7).

This then is the nature of our function u(2).
Consider now the function

(3) w0 =200-1) (r=i1F)-

It transforms the unit cirele y ({) into the Riemann surface W* = 2(1—}),

which is of exactly the same nature as the surface W, except that its

winding points are at w* = o0, 1, —1, which are missing values of u*({)

iny. The ‘“circular” {-triangle with corners —1, 1, ¢, and sides orthogonal

to |{|=1, is transformed into an upper half w*-plane, the corners
o2
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corresponding to w*= —1, 1, o respectively. The symmetry principle
shows that the function —u*(—{) transforms this triangle in exactly the
same manner. Hence u*({) = —u*(—{), i.e. u*({) is an odd function.
In particular u*(0)=0, and so A()=k3@#)=13}. Clearly u*(0)> 0.
Hence

p*¥ (0) = —4X' () = 4|X'6)| = a7,

where the value a is known to be 4#%/I'%(}). Finally the odd function

p1(2) = ap*(2)

belongs to R (see §23), has 4-a as missing values in y, and transforms y
into the Riemann surface a\U* with winding points at +a (and ).

THEOREM 228.—Every function w= f(z) of R takes at least one value
of each couple +w belonging to the circle

(4) lw| <a= ~0228....

4772
I4(})
In particular, every odd function of R takes all values of this circle. If
w=mna, |9|=1, the (odd) function nu,(nz) is excepted, and (4) is best
possible.

Let 0 <wy < a,say. Iff +w,in v, fis subordinate to {u,(z), where
t=wp/a <1. By Theorem 217 this is possible only if =1, that is
wy == a, and then f=yu,.

25.2. Put 2z =¢/** and consider the function
) H) =A(r)=A(l°%‘).

If §(r) > 0, then |[z| < 1. By the symmetry principle A(r) has the period
2, and so has ¢". Hence H () is regular and uniform in 0 < |z| < 1. Also
H #0, 1 for these z. On the other hand, J(r)-> and so A(r)>0 as
z—>0. Hence H(z) is regular at 2= 0 also, and H(0) =0. H transforms
v into a Riemann surface with an infinity of sheets and winding points
at 0, 1, «, and differing from W only by the fact that in ome sheet the
point w = 0 = H(0) is not & winding point.
By a known formula for A(r) (given in §26.6 below) we have

_ 0 (_l)m zml
@) H(z)—lﬂzexp{S‘El = T-t'-—#'}
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whence H'(0)=16. The function H,(z) = 16-1H(z) thus belongs to R,
and applying Theorem 217 once more, we obtain

TaEoREM 229 (Hurwitz).— Every fumction f(z) of R, vanishing ai
2=0 only, takes all values |w| <yy. If w=ggn, |n|=1, however, the
Junction nHy(n=12) is excepted.

26.1. Aswe haveseen already in §25. 1, the elliptic modular function
A(r) = k%(r) transforms the upper half r-plane into the Riemann surface
& in such a way that the shaded triangle 4, B, C of figure 11 becomes
an upper half A-plane, the corners corresponding to A = 0, 1, oo respectively.

By the symmetry principle it follows that, given p, 5= 0, 1, there exists
in the region B composed of the shaded domain, its image in 4B, and the
(open) ares (4 B), (BO), & T, such that A(ry) = p,. Let 7o be the conjugate
of ~,, and

p=T=T o g ToTT0Z
=T=T, =

T—T 1—z°’

so that the  half-plane corresponds to y. Let now A(r) = Pz, py-
This defines a unique P (given p,). Then w = P(2) represents y on 11,
and P is subordinate to P. We have, then,

THEOREM 230.—P(2) ts subordinate in y to the function
P(x) = P(z, py,

uniquely determined, for given p,, by the relations

PO =, =73,
A("’o) = Po
) -1 <3'fo< 1, I"'o—‘}|>*a I"'o+i‘|>i;

where \(7) [or k(7)) 18 the elliptic modular function, and =} 18 the conjugate
of To-

TreOREM 231.—(i) Q(2) 18 subordinate in y to the function
Q@ = Q(s, g0,
QD =logA(m), == :{—:z,

Q) logA(rp = q¢
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where =, i¢ subject to (1), and the determination of the logarithm is
fized by (2).
(ii) R (2) is subordinate in vy to
B = Rz, r) = {Q(z, /7%

For if p,=e* we have, with appropriate logarithms throughout,
Q@=1logP and {(0)=gq, By Lemma 1, §22, @=IlogP is subordinate
to Q =log P. This proves the first part; the second is very similar.

26,2, Turning now to the study of the functions P, @, R, we have
first

THEOREM 232.—
Q@ 9| < é%,

|P(z,p,,)|<exp (IA}F‘}').
| B )| < T2 2

We postpone a proof of the first result; the second and third follow
at once, since P = exp @, B = Q*. We deduce at once from Theorem 282.

THEOREM 233.—

Mo, @ <TI,

M(p, P) < exp (J’—"))
MG, B) < 25,

There is little more of interest to be said about functions P, as such,
and we shall be chiefly concerned with functions @(=logP) and R.

26.3. Consider first the functions ¢, and compare them with their
subclass B, discussed in §23.4. Whereas functions B have a set of
“‘missing values’ filling the whole straight line 38w =0, the assigned
missing values of @ are only the discrete set 1 2nwi; the B’s are a very
special sub-class of the Q’s. None the less Theorem 233 shows that an in-
equality similar to §23.4.(3) holds also for Q. It is natural to inquire
whether this parallelism holds algo for the results § 23.4.(4) and (6), the only
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change being a constant multiplier A(g, on the right-hand side of the
inequalities ; to inquire, that is, whether

0] lgal < A(go),
and
@ Slg i <490,

It will be found that we can prove (2). Our methods are essentially
incapable of proving (1), and it seems likely to be false, but they do give

lga| < A(g)logn (n>1).

There is a corresponding parallelism between functions R and
functions C(2), regular in y, with missing values filling the half line
© =0, 4 < 0; and here we can actually prove our case. .

A function C is of the form B*. Hence if B(p) and €(p) are the
majorants of B(z) and C(z), we have

(o) < B(),

the inequality, moreover, extending to the separate powers of p in the
two expansions. We therefore deduce from the results for B,

1+p)*
@ ol < e <ol (7£2)’
4) leal < dlegln (n>0).

[For (4) we gave a direct proof above in §23.6.] We have seen
(Theorem 232) that (3) holds for functions R, save for a constant multi-
plier on the right, and we shall see presently that the same is true of (4).

26.4. We require the following results about @(z) = Q(z, go).
THEOREM 234.—
- 1 (" = 2
Ml(p, QQ) = 5; s_JkQ(pe“) |d0< A(qo) log I—_P.
THEORBM 235.—

i, O =5l < 122,

More generally Mi(p, @ < (‘14—(_1:’),—’?, (r > 1).

The proofs of these theorems also we postpone.
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Since | R Q| is subharmonic, it follows from Theorems 210 and 234 that
2
M (p, BQ) < A(gy log i
Hence, for n>0,
2
| gup®| = |-11? j' e-andﬂ|< 9M,(p, BQ) < A(g) log 7,

and by taking p =1—1/n in this we obtaint

THEOREM 236.— |gn] < A(gy) logn (n>1).

* From Theorems 210, Cor.. and 235 we have, again,

THROREM 237.—
i, @ = Zlan o™ < £
More generally Mip, Q) < (‘lié‘l—:’),'_)! (r>1).
This gives at once
THEOREM 238.— Rp) < é_’% p<),

where @(p) is the majorant =|q,|p* of Q(2).1

Thus the inequality for |Q(z)] extends to @(p), in accordance with
the behaviour of the functions B, and Thearem 238 is a generalization of
Theorem 233.

Finally, since R = @ we have (with r, = g}

My, R) = wmm<Mm®<§$
From this there follows, by Theorem 213,

THEOREM 239.— |7a]| < Argn (n> 0).

—— e - - - —

t For M (2, Q) there is no better upper bound than 4 (g,) log? 12'?”,
t Infactif 1—-p, = 4(1=p), we have

3219 {21l 3pimnp < {$00 L} fl),
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26.5. We take up now the postponed proofs of Theorems 233, 234,
235. These concern the modular function A(r); they involve rather
heavy calculations, which the reader need not take too seriously if he
is prepared to take results about classical functions for granted.

We need first some (very plausible) results about mean values taken
on circles |z| = p modified by a linear transformation

() (=&

where |a|<C1, and «' is the conjugate of a.

LeMMA. Given an f(2) regular in vy, let F(z)= f({), where { is
given by (1). Then

(2 My(p, F)<A(a) M, (p*,f) (A>0),
(3) M(p, F)< M(p*, f),
4) My (p, BF) < A(a) My (p*, Bf) (k=1),

where p* = 1—B(1—p), and B is a certain A(a).
Let b= (1—|a|)/(14|a]), and let us choose
B=1b, p* =1—B(1—p).

Let z = pe®®, { =re*. The identity

1—§P_ 1—|a

1=z " |1+o'2*
shows that 1—r>> }b(1—p), so that r<<p* for all values of p, 6. Let
now Z = p*e'¥, and

p p*—
@ 0= p**—2p*r cos (Y —p) 7"
When p and ¢ are fixed, P is a function of 6 (through ) satisfying
® o= | @, 0as = P{z, q0) = 5 =Laly
L - Z—a
< Z'ﬂﬂ‘ 1—&3—| | < 4@

t For P{Z, {(s)} is, for fixed Z, harmonic in s for |l| £ p and the l.ett.-hand side of
(6) is therefore equal to the value of this at s = 0.
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The function |F(z)|* = | f({)|* is a subharmonic function of
(Theorem 206) ; hence (Theorem 203)

FOP <3 [ I7@P P 0dy.
Integrating with respect to § we have

j_ |Fe)db < Elv;r L| s ( L P(Z, §d6) ay

<@ | 1@y,

by (56). This proves (2). (4) can be proved in the same way, since
|Bf(©|* is subharmonic in { when k>=>1. The result (3) is an
immediate consequence of the inequality r < p*.

26.6. Returning now to the function Q(z), we start from the formula

l)m ermm
m 1 + M

x(r) = logA(r) = 4 log 2+mri+8 | z (=

valid for & certain determination of the logarithm. 8ince Q(0) = go,
we have from the definition of Q (Theorem 231)

G0 = q—rlr)aln), 7= T
z
Now ¢(2) = €™ = exp (-", 1_”: )

satisfies |¢|<1 in y, and ¢(0) =«, where a is a constant depending
only on go. Hence ¢(2) is subordinate to {(z), where

z+a
(=) ™
and 82— T
is subordinate to
_ ey (=D* {2
¥ = ¢ {{0} = 820 Tt

Thus Q) = L(+T(®),

where L(#) = go+mi(r—70 = go— 21r1s‘ -(3) %,

and T'(z) is subordinate to ¥(2) —¥(0).
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26.7. The nequalities we have to prove are

@ M(P! a) < lé—(-?f’
@ ¥ D < “”),-. - > 1),
® Mip, B < Ag) log 2.

Since M, (94h) < M,(g9)+ M, (h) when A =1, it is enough to prove the
corresponding inequalities for L(z) and T'(2). Those for L(z) are easily
verified.t To prove (1) and (2) for T'(2), it is enough, by Theorem 210,
to prove them for ¥ (2), and the same thing is true of (8), since |BT | is
subharmonic. The lemma shows finally, since (1—p*)~! < A(a)(1—p)-?,
that the inequalities are true for ¥(2) if they are true for Y (z). It
remains, then, only to prove that

2 (=)~ 2
Ve =82 S

satisfies (1), (2), and (3) (with ¥ in place of Q).

26.8. Let p=e-', and let v be the greatest integer contained in t.
‘We have

(=D~ ™
M p=8(3+2) S Fr = st
say. For m of ¥, p™ < 7' hence
©1 . _A4 1
(2) |\h|<4'§1"—n-p <TIT,;<A.

F¥or m of , we have p™ > ¢!, 1—p™ > (1—p)me-t. Hence

(3) VAl SAZ s <AQ—pP'E 5 = A(1—p)

i <

t M is trivial, For M, see §8.4 (12) [a = 1, 8= 0], while § 8.4 (11) shows that
M, (p, L) < A(go)1og {2/(1~-p)}.

M,(BL) itself is bounded [by an 4(gy)], since ML is substantially the kernel of » Paissan
integral.
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Also, forr> 1,

zm

1+

r de) llr.

: 1 2" \_ ,s1(1
Melp ) < AZM, (P» poey 1+z'”) =42 (2 L
But if =7 = —p"e®,
j’ "d6 = j
< A(HA—pm~C-D

by §8.4(12); and for m of v, this does not exceed A(r){m(1—p)} -1,
Hence

@  Mi(p, Y <A@MA—p)- VI S mt-e=0ir < AMQ—p) 1+,
1
Finally

—_—erdegr_'ll—zl"de

1+zm

v

My(p, By < 2 ;217,] = Ido
s cslee={ s 5le=] e T %
<S (g cofO+R’) do = 3,
and so
®) My(p, By) <43 I <dlog

The desired results for v follow from (1), (2), (3), (4), and (5).

26.9. A companion formula to that for «(r) = log k?(r) = logA(r) in

§26.6 is
2m+1

log k"3(r) = '“w,,,é., 2m+l ‘ﬁ.qqm—m (g=em)

valid for a certain determination of the logarithm. Replacing e by 2z
in this (as in § 26.2) we obtain the function [a companion of y(2) of § 26.6]

1 2im+1
x@)=— 2m+l 1F23Gm+D

The function x(2) never takes any value 4 2n#i for z # 0 [compare H(z)
of §25.2]; it differs from a @ by taking one of the forbidden values
(viz. 0) just once. The reader can easily verify that the coeflicient of
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2" in x(2) is not O(1); actually it can be as large as 4 loglogn. Thus a
result ¢, == O(1) is very improbable.

26.10. We conclude our study of functions @ by showing that the
similar behaviour of the functions B, Q breaks down in respect of means
M) (p) for which 0 <A <<1. In the first place we have (§8.4)

4)) My, IS AL by OLALI<Y).
On the other hand
@) Mi(p, Q £ 01) (> 0),

as p—>1. A direct proof of (2) does not exist, and we argue indirectly
as follows. If the mean is bounded (for any particular A) it follows,
by a known theorem, that @ tends almost always to a finite limit as
z tends radially to the circumference of y, further, that this limit cannot
have the same value in any set of positive measure, and therefore differs
almost always from all the values of any given denumerable set, in
particular differs almost always from all numbers +42nni. Then P = ¢
tends almost always to a finite limit other than 0 or 1. Now the interior
of y can be divided into fundamental regions for the function P, These
are curvilinear triangles with corners on |z| =1, and the sides are of
three types, corresponding to (real) values of w hetween — oo and 0,
0 and 1, 1 and + oo respectively. A radius vector to a point of |z| =1
other than a corner crosses one, and therefore two, sides of each of an
infinity of triangles. It crosses, therefore, an infinity of sides of at least
two types; it follows that the limit of P can in general only be 0, 1,
or oo, and we arrive at a contradiction.
It is interesting to observe that we can prove

fl BQ(pe) *dO < AU, g9 OLKALI<Y),

so that the real and imaginary parts of Q behave differently. The proof,
however, requires elaborations into which we cannot go.

97. Functions S and S.

27.1. We define a function S to be any function 3;2+52*+...,
regular and ‘‘schlicht’’ iny, for which 5, = §(0) =0. Wesawin §11.2
that a ‘‘schlicht” w = f(2) conformally represents y on a simply-con-
nected domain 1 of the w-plane which does not overlap itself (is
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‘‘schlicht’’). We define a function S to be any function that is sub-
ordinate to some S.

We denote by I' the set of ‘‘missing values’ of S in y.

By Theorem 217 (with {=p=1) the function &,z is either identical
with §(z) or not subordinate to it, so that I' contains at least one point w
for which |w|<|8;|. Also it is the complement of a domain W and is
therefore closed. It is unbounded, and contains no bounded component
I isolated from I'—-T';, in particular no isolated point, since W is simply
connected. Thus I' is perfect and connected. Since w =0 belongs to
W, I has a positive distance d from 0. Also d <|3y|.

To sum up: I' 4 a connected (closed) continuum exiending to infinity,
and coniains at least one point w for which 0 < |w|=d <|3,|.

In what follows I' will always denote a connected continuum ex-
tending to o and not containing w =0; d(I') the distance of w =0
from I'; I'(S) the set of missing values of S.

THEOREM 240.—The necessary and sufficient condition for a function,
regular in y and vanishing at z = 0, to be an S, is that its set of missing
values should contain a T'. When T is given, S is subordinate to an S
with 8, > 0, uniquely determined by ', whose set of missing values con-
tains T,

The condition is evidently necessary, since the superordinate S satisfies
it. If, on the other hand, the condition is satisfied for a given T, the
complementary set of I' is a sum of simply-connected domains, each
having as complete boundary part of I'. One of these domains, U*
say, contains w = 0. Let w = Z(2) give the conformal representation
of v on W with 2(0) = 0, Z'(0)>0, so that = is uniquely determined.
T is clearly a part of the set of missing values of =. Now any contour
in y beginning and ending with z=0 transforms by w = S(z) into a
contour lying in 1%, and beginning and ending at w = 0 (otherwise the
transform has & point in common with the boundary of W, and so
with I). That is, S is subordinate to =. This completes the proof.

We may now abandon our original definition of functions 3, and
take instead : A function fis said to be an S if £(0) =0, and the set of
missing values of f in y contains a (given) set T.

We may for convenience write I'(S) for the I'" of the definition, and
S(I) for the (unique) function S of Theorem 240,

We see then that we can obtain inequalities of types (A), (B),(C) for
the general function S of the class just defined, provided we can obtain
appropriate inequalities for the general function 3, that is, for the general
function ‘‘schlicht’’ in y (and vanishing at 2 =0). The subject of
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functions S is of very great interest in itself, and we shall now study it
systematically, not always confining ourselves to results that have a
bearing upon the theory of functions 8.

For convenience we shall state our results for functions § whose 8, is
unity, and we shall write o for such a function, a,, for its n-th coefficient,
50 that 0y =0, o, = 1.

27.2. We begin with an important group of theoremst.
THEOREM 241.— |og] < 2.

THEOREM 242.—

(1+ )z<|°(")|\(1 —p) (z[=p).

THEOREM 243.— d=1
THEOREM 244.—
G 1+P
e <1< (5
THEOREM 245.—
o(2)| < Ltp
1+p <’ o) | ST=p’

The function
oo(z)—K(z)=—(—lf_~7)§=z+2z2+3z3+... :
is & o whose I' is the set of points =0, v << —} (§23.6). It shows that
all the above inequalities are best possible. Theorem 241 turns out to
be the key theorem, from which the whole group can be deduced fairly
easily. We shall give two proofs for it; but it is convenient to postpone

them, and to begin with the proof of the *deductions”, The deduction
of a Theorem Y from a Theorem X will be denoted by (X Y).

27.21. Proof of (241->243). Let B be any point of I'(c), Then

T _ 1
===t (e,+3-) 2.
is regular and ‘‘schlicht’’ in y. Hence

los+1/81< 2, |1/BI< 24| os|< 4 |BI>E;
and this is the desired result.

t They are fundamental in the general theory of the conformal representation of
Riemann surfaces,
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27.22. Proof of (241->244). This is an example of the ‘‘ {-method ”
(§24.8). '

Let ¢(2) = o({)—o(s), where ¢ = (z—2)/(z02—1). Then ¢ is an S
with 5 = o' (s (d{/d2)y = —(1—pY) o' (2p), p =] %], and

28, = (1 —p% 0" (20 — 225 (1 —p?) o' (2p).
The inequality |3;| & 2|3 | becomes (if we drop the suffix 0)
a’(s)

1) _ '(1 —pd = 70 22"<4 (z]=p-
This is equivalent to

() 20 4p
@ 7@ - ST—

in which we have (for z = ;:e")

" _ {P(a/aP) log|o’| 3% =  p(9/0p) arg o’
/06) arg o’ o | —©/06) log| o’ |

a.l

and so, from (2),

—4 0 2044
® Mot <o loelo | < R,
o i< s e < 2

From (4) we cen derive results concerning arg¢’'; we confine our-
selves, however, to (3), which gives on division by p, integration and
exponentiation [remember that o'(0) = 1],

(1+p)‘<l "<(1

and this is Theorem 244.

—_ P)s ’

27.28. Proof of (244> 242). The right-hand inequality of 242 follows
at once by integration from the right-hand inequality of 244. To deduce
the left-hand inequality let z =z, be the point of |z|=p for which |o|
assumes its minimum value. This minimum increases with p [the image
of |2 <p by w=o0(2) expands] and is less than d. Hence the radius
veclor from w=0 to w=o(zy) does not meet I', and there is a cor-
responding z-path from z =0 to z,. We take for parameter of this path
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the distance r of the variable z from z=0. Since |z,—2y|=>|r,—r,|, We
have on the path (taking the limit) |dz/dr| > 1. Hence, if |2o| = p,

dr.

|a(zg) | = (length of w-path) = j:l o'(e)dz| = j: |e'(2) | I g’;
But the integrand is at least (1—7) (14+7)-%.1. Hence
* 1—r —
o> |, T 4 =
27.24. Proof of (242> 245).—Consider again the function

$(z) = o(£)—0o(2).
where { = (z—2)/(z,’2—1) [§27.22). Theorem 242 gives

(=p) o ()| o < |0 @) =00l < (1—pY)] ' o) (TL__”'J;,,—, (p=2))-
This becomes Theorem 245 when we put { = 0 and 8o 2 = 2,.

27.31. We come now to the proof of the crucial Theorem 241. Our
first proof depends on the following result, which is of interest in itself.

TaeoreM 246.—Let
F(Z)=0"1/2) = Z—o03+a,Z +ay Z7%+...,
so that F(Z) is a function *schlicht” and regular (except at Z = ) in
|Z|>1. Then
Znlal < 1.
As Z describes | Z| = R > 1 positively, o describes negatively a closed

(simple) contour, and F describes positively a closed (simple) contour C.
Let J = J(R) be the (positive) area of the interior of C, and let

F(Re") = u(6)+0(0).

By the formula for an area (note that the sign is correct: the point is
vital to the argument)

J= }f(uo'—u'o)do = guv'de
=3[ (B4R —Bort Same T B

x { (R¢“+Re"’)—.2:7n(a,.e‘““+ a ™) R"‘} dé.
) 4
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' ‘We need consider only terms of the product independent of 6, and obtain
J= wR’—w?nla,.PR"”'.
Since on the one hand J >0, and on the other R may be arbitrarily
near 1, we must have
Injlean ' <1
1
Remarks. (1) As R increases C expands. For, by Theorem 117, Cor.,
the ¢ contour shrinks. (Or we may observe that two C’s for different R’s

do not intersect, and C is approximately a large circle when R is large.)
It can be shown that lim J (R) is the area of the region left uncovered in
R—»1

the w-plane when Z ranges over the whole exterior of the unit circle.

(2) A variant of the proof of Theorem 246 proceeds on lines which we
may sketch as follows. We prove first that J,(R), the area of the image
of 1<|Z| <R, is of the form

1rR’—1r+7r%n | an P40(1),

when R is large. Next, it is not difficult to show that for large R J(R)
differs infinitesimally from the area of the ellipse w = Z+¢;Z~!, and so
that J(R) =wR%*{0(1). Since J = J, we obtain the desired result when
we make R - .

We can now deduce Theorem 241. Given a o(s), let

0@ = {o(@} = 243052+ ...

¢ is regular and ‘‘schlicht’’ iny. [¢(2) = a % 0 has at most two solutions,
of type 2= +{. But ¢(—0 = —¢({), and +{ cannot both give ¢ =a.]
Let Z = 27! and

F(Z)=1/¢@) = Z—}oy Z +...;
F is “‘schlicht” in |Z|>1. By Theorem 246
[3os*=|a|* < Znla, ' < 1,
los| < 2.

27.32. We proceed now to develop the ideas for amother proof of
Theorem 241.

TeroREM 247. Suppose that f(z) is regular in |z|<r. Let p be
the mazimum number, for varying w, of solutions in |2| < r of f(2) = w.
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Let po (<< p) be the number of zeros of f(z) in |z|<<r. Let
M =Max |f|, m=Min|f]|

for |z|=r. Finally let f(z) = Re'* and let h(x) be a monotonic and abso-
lutely continuous function of  >0. Then (i), if b t8 tncreasing we have

@ Poh(m) < I < poh(m)+p{h(M)—h(m)};
(ii), ¢f h is decreasing we have
(2) Poh(m)+p{ (M) —Rhm)} < I < poh(m),
where
_ 1 _ 1 ([ 0®(r, 6)
I= %jmm W) AP = o j_ WRe, 0} 2200 g,

Case (ii) reduces to case (i) if we change the sign of h. In case (i)

we have p,= —1—5 | d® and so, defining
|zl=r

o2
0 (B
() = { (R m)
(R)—h(m) (B> m),

I, = I(hy) = I—poh(m).

Also =3 j i® r 1O g,

21!' lsl=r 0 t
This, on the one hand, is the integral of the non-negative function
h{(R)/R over the area (multiplicity counting) of the image of |z| <r by
w = f(2), and is therefore non-negative; on the other, it does not exceed
p times the same integral taken over the circle |w| =M. Thus

M
0<L<p| MBAR = pha),

which is equivalent to (1).

A more geometrical version of the proof may be sketched, taking for
simplicity the case po=p =1. Consider the curve which is the image
of |z| =r. It contains the w-origin O, and the radius vector from O
meets the curve in an odd number of points Py, P, ..., Py, ;. As @
increases points with odd suffixes move in the positive d.lrectxon round
the ourve, points with even ones in the negative direction. The sector

d® contributes to 2nl = I hd® an amount

2rdl = (hy—hg+... —~han+ han41)dP.
P2
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This lies between ki, d® and lig..1dP, @ fortiori between h(m)dP and
h(M)d®. Thus I lies between h(m) and h(M), the appropriate result.

CoROLLARY.—For a function o(z) we have

@ o) <p 7 (I KA A>0),
d
@ ¥ j'_ |e@|-*d0 <O (B> 0).
For any f(pe¥) = Re* we have, by the Cauchy-Riemann equations,
b _ p OR
00 Rop’

Hence, by the main theorem with p, = p =1, h(z) = z* and 2z~ respec-
tively, we have

2 (1 (prgg) = A
< p o (%jn do)—szR & < AM,

0 a‘% (jR-ﬂdo) = —BsR"dé <o,

which are the desired results.
To prove Theorem 241 let now

& =("9) " = 1—jeyt .,

a function regular in y. Then

E};r |o,"1d0 = p! §1;_r 5|f [3d0 = p? (1+}lc,|’p’+'§’k.p”'),

/

where %, > 0. The differential coefficient of this with respect to p is
non-positive, by (2) of the Corollary, with 8 =1. Hence

=+ oo+ En— D™ <0,

lcll’<4p-’,
and s0 oy | < 4.

27.41. Bo far we have succeeded in proving best possible results in

all cases. Our remaining theorems about functions ¢ are (in general)
not best possible.
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THEOREM 248.—
My, ) <72,
|oa| < en.
Proof (i). Clearly
#(2) = {o(A)} = 240,22+ b+ ...

is regular and ‘‘schlicht”’ in y, and in virtue of Theorem 242 (applied
to o),

) | $loe)| < 72
Now
w?nl b 2™ = j: rdr (2721‘4 nby I’r"‘") = J: rdr j:' | @' (re®) |3dO
= |{area of the transform of |z| < p by w = ¢(2)}
(2) < nM(p, ),

since ¢ i ‘schlicht”, so that the area does not exceed = times the square
of the greatest radius from w=0. Hence

Zn bl <
1

a—pH"
Integrating thie from 0 to p we obtain
© 2
®) | b < 72
1 P

But
[T1o6teniay = [Tt a0

= ("I tpen a0 = 2w Z|bu ™
Hence (3) becomes

¢ ]
3 M (0, o) < Iz_%.

We may write p for p* in this, obtaining the first part of the theorem.
The second part follows by the usual inference from M, to c,,.
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27.43. Proof (ii). This extends naturally to prove the more general
result (obtainable also by the other method) :

THEOREBM 249.—

ay Aj:m*cr) & <M, o) <Aj:M*(r) & a>o.

@ j’ P11+ 2 dr < M(p, 0) < 2Amr j: P-1(1—r)-B dr.
0

In particular
(3 Milp, 0) <AN)(1—p)2+1  (A>}),
O] Mi(p, o) <AD) (<)

(1) follows by integration from Theoremn 247, Cor. (3), and (2) from
(1) and Theorem 242. It is interesting to observe in connexion with the
second inequality in (1) that for any function regular in y and vanishing
at the origin we have the opposite inequality

Mx ) A 1 (/M (r) A
(52) "> 2 [ (52 o

It follows from (4), the theorem mentioned in §26.10, and Theorem
210, Cor., that functions 8 and S tend almost always to a limit as z tends
radially to the circumference of y.

We actually uset the result for § in a moment, and therefore digress
to give an ad hoc proof of it.

If B is a missing value of § and ¢ = (S—B)t (say), it follows from (4)
that My(¢) = O(1). It is therefore enough to prove that a function w,
harmonic in y and satisfying M,(u)= O(1), has a p.p. radial limit. If

u = X(a,, cosnd+b,, sinnd) p",

tho condition M,(u)= 0O(1) is Z(|ay[*+|0,[? p** = O(1), equivalent to
2(|ap[*+ by |?) convergent. By the Riesz-Fischer Theorem (Theorem 44)
2 (@, cosnf+-b, sinnd) is the Fourier series of a function U (of L?), and
by Theorem 36 o,,(0) > U (6) p.p. This is a stronger result than the p.p.
convergence of % to U as p—>1. (The * Abel limit  exists if the Cesaro
mean converges, the proof being a summation twice by parts.)

1 Unexpectedly !
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27.43.—THEOREM 250.— The perimeter of the transform of |z|=p

by w = o(z) does not ezxceed aéij,.

The perimeter being j:'la'(pe“)lpda =pM(p, o’), our result follows
from Theorem 248 and the following lemma :—
If f(2) is regular in y, and
Mip, /) < K1 —'p)" (@ > 0),
then Mip, f) < Al@ EA—p)~Lt
Let 1—p, = 3(1—p), z = pe®, 2 =p,e'*. We have

2 , _ rid 1 f(z) do
L Y (.v)]de—j d9|§m£ - z),zzdgb <Aj d:p[f(z)lr P
<] dpl s L < 72 Miton D,
and MI(PI, f) < K(l_pl)—- < KA (a)(l—P)_‘~

Alternatively we can argue from Theorems 245 and 248 (without the

lemma) :
-1
Milpr ) = 5, [ 5o @0 <R Mt o) < 1 2

97.44. Let p(2) = 24p328+p52°+... be an odd function, ““schlicht”
in y. p2(z) = 224-2p,2*+... has different values for different values of
2% in y. Hence u(z) = {o(2?)}}, where

o (z) = = 2+ 2us 22+ ...
is “schlicht” in y. Conversely, for any o, the function x so defined is
an odd schlicht function. This relation enables us to deduce properties

of functions p from those of general . For example, Theorem 241 gives
|us| <1: this is a best possible result, as is shown by p(z)=2/(1—23).

We prove now

THEOREM 251.— |pn] < 4.
The best possible 4, is not known. It is known, however, that for
any assigned odd n>3 it is posmble to have |p,|>1. To prove

t If a=0 it is possible to prove a little more, vig, that
Mi(p, ) = 0{(1—-p)"}.
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Theorem 251 consider u,(z)= {u(:®)} and pe(2) = {u ()}, p,(2) and
80 pg(2) are *“schlicht’’ in y. Also

pa(2) = {p ()} = {o(*)},
where ¢(z) is “schlicht”. If z=pe®, and p >},

- v ~1 (4w
L] pevra [ -] s

T

<rt (& ) (&7 torarf

= p-t P Q},
By Theorem 249 (3),
P-—-%r' la(zg”;do=T;_"r* |a@’e“)|’dt=-2,l—r
-t ~tw ) on
(1) <A(Q—p¥itt< 4(1—p)t
0= L[ luperra

increases with p, so that

_r S' 2 (relt) |3
< s Jrar | st
Hence, by (2) in §27.41% and Theorem 242,

Q@ < A(1—p) ' M*(ph, pg) < A(1—p)~* Mi(p, o)
(2 <A(1—p)y(1—p)t <A(1—p)i.
It follows from (1) and (2) that

1M™,.,
o LJ# (2)]d8 < A(1—p)?,

and so, taking p = 1—1/n, n> 1,

(.,
n|py| <pH ngp (2)|d8 < A(1—p)2 = A4n,

the desired result.

t Valid for any ** schlicht” ¢. We take ¢ = u,, and pb for p.
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27.5. We have seen (Theorem 241) that |oy| <2. It can also be
proved (by a long and difficult argument) that |oy| <3. Since |o,| < en,
by Theorem 248, it is natural to inquire whether | 6, | <n is true generally.
(No stronger result is possible, as the example a,(2) shows.) This problem
is still unsolvedt. It is therefore interesting that we can answer it in
the affirmative for two important sub-classes of functions o (the function
0o(2) belonging to both of them).

27.51. THEOREM 251.—Suppose that o(z) has real coefficients. Then

Ia,,lgn.

Sinco ¢ is real on the real axis of z, the image D of y by w=o(2) is
divided symmetrically by the real axis of w, and the two halves are
images of the two z semi-circles. Thus

v(p, 0) = Fo(pe®) = So, ph sinnd >0 (0 <0 <),
1

(this being the sense of the inequality for small p). Now |sinz8/sin 6| < n,
and so

2
(1) p"’ltru| —

rv(p, 8) sin n0d0| <-2—: j’v(p, 8) sin 0df = no, = n.
0 0

This, in the limit p—> 1, gives the desired result.

27.52. A domain W (containing w = 0) is called ‘starshaped’’ (with
respect to w==0) if, for any point w of 4G, the whole radius vector from
0 to w belongs to Ux. A closed (simple) contour is called ‘starshaped ™
if its interior is a “starshaped’ domain.

The following results are so striking and complete that we include
them, but the proofs are rather difficult, and the reader may omit them if
he wishes.

THEOREM 252.—Suppose that o(z) transforms y into a ‘‘starshaped”
domain. Then |o,| <n.

The proof of this is based on

THEOREM 253.—For o(z) to transforms y into a * starshaped’ domain
it 18 necessary and sufficient that, in vy,

!
o'(2)
—t 0.
t The corresponding result for function u(z), viz. |us | < 1, is false. 'There are, how-
ever, differences in the two cases which make this no presumption against the truth of
|oa| <n.
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CoroLLARY.—If W (o) ts “ starshaped’’ the transform by o(z) of each
circle |z| = p 18 “ starshap

We must use the result noted in §27.42, that o(pe) >o(f) as p—>1 for
almost all §. o(f) is & point of I' (see §27.1), and o(f) #0.

Let 0 <0 < 2m, and define ®(p, 8) = argo(pe®) by continuation along
the radius pe® starting with ®(0, §)=0. Then ®(9) =lim ®(p, 6) exists
and is finite for a p.p. set £ of . For a 6 of £ we denote by c,(0) the
transform of the radius z =pe®, 0 <p 1. c¢4(f) joinsw=0to o(f). We
denote by c;(0) the “ray” w=2c(0), A>1. If W(o) is “starshaped” c,(6)
and c4(0) have only the point ¢(f) in common, so that ¢(6) = ¢;(6)+-c4(6)
is a simple curve extending from w = 0 to infinity. Let 6,, 6, be 6 of £
satisfying 0 <0, <0,<2n. The curve ¢,(f,) has with c(f,) (besides
w = 0) at most the point ¢(f;) in common, which then must be on c,(8,).
From this [and our definition of ®(p, 8)] we conclude that for 8,, 8, of £

(1) Min(b(P’ ol) < (D(Ps 02) < M&X(D(P’ 01)+27T’
p<1 p<1

the extremes being finite, and also that

2) D(8;) < D(6) <P (0y)+2m.

From (1) we deduce further that |®(p, §)| <M for all p < 1 and all 61.
We may assume, without loss of generality, that ®(0) exists. Now

') _ 0
®3) Rz i:-@—) =55 (e, ).

Hence, if z=pe® and p < r < 1, Poisson’s formula gives
r2—p?

@) _
o) 2-»-52 3¢¢( ) r2—2rp cos (p—0)+p? a4

- =g, — 3|, ot 5 r—pt d

T r3—2rpcosf+p® 2m ), '’ 7 0 r®—2rp cos (y—0)+p? ¥.
Since ®(r, ) is uniformly bounded, we may (making » — 1) replace * by 1,
obtaining

o'(2) 1—
Bz az)  1—2 oosG+p r ) W 1—2p cos (n/a-—0)+p d.

t In the first instance for all 6 of K, but the restriction to £ (for a fixed p) can be
dropped |
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Now by (2) ®(§) increases from ®(0) to ®(0) 2 as ¢ increases (in E)
from 0 to 2. Hence, for a certain mean value £,

o'(2) 1—p?
Rz_ 1—2p cos 0+p*

—5 [@(o) j:+(d>(0)+2w) f”;; =% c(l,s"(,,,_o,ﬂ,a W']

1— 1—pt
" 1—2p cosf+p? _r= 1—2p cos (f—GH-p’ >0.

This proves the necessity part of our Theorem.

To prove the sufficiency, we note that the inequality ®zo’(z)/o(2z) > 0
impliest, by (3), that ®(p, ), for fixed p, increases as 6 increases. Since
the transform ¢(p) of |2|=p by o(2) is a simple contour including w = 0,
this again evidently impliest that ¢(p) is ‘“starshaped”’. This, combined
with the necessity part, proves the corollary. Finally, since any w
belonging to ¥ (o) is inside c(p) for sufficiently large p, the whole radius
from 0 to w will then be inside ¢(p) and so in W (o), s.e. W(o) is “star-
sha

1t is now easy to prove Theorem 252. Since o, =1, we can proceed
by induction. Let n > 1 and let us assume that |o;| <k forall k <n—1.
Let

Jz)= 27 g (z) = l4-¢y24c22+....

From of =20’ we obtain, equatmg coefficients of 2",
m—1)o, =010, 1+Cs0p g+ .cctCp_1.

By Theorem 253 Bf(2) >0 in y. This implies |¢,| <2 [Theorem 110].
Hence
(n—1)|o,| <2[(n—1)+ (n+2)+...+1] =n(n—1),

the desired result.

27.53. A domain W is called convex if, for any two points w, and w,
of &%, the whole stretch joining w, and w, belongs to 1. It follows that,
for any » points wy, wy, ..., w, of & convex W, their arithmetic mean

w= (Wy+wg+...+wy)/n
belongs to 143.

t Actually ‘‘is equivalent to” (in both cases marked t).
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TaroRBM 254.—Suppose that o(z) transform y into a convex. domain.
Then |o,| < 1.

This is & best possible result, since z(1—2)~! = z-+-23-}-234-... transforms
y into the (convex) half-plane u > —}.
The proof of Theorem 254 is much the same as proof (iv) of Theorem 110.
If w= et/ )
] n=1
Op2+0g, 22 4... = w2 a(w"2¥™)
r=0
is subordinate to o(2), since the right-hand side is the arithmetic mean of
n points of W, Hence |o,|<|g;|=1, by Theorem 212.

27.61. From the theorems about functions ¢ we csn draw conelu-
sions about functions S.

THEOREM 265.—
4dp
1—p)*

where §, = §y(I") and d =d(T"), as defined in §25. 1.

By Theorem 240 S is subordinate to an 8§ with 5, > 0 whose I'(S)

contains I'. Hence d(I) > d{I'(5)} = d(8)> s, by Theorem 243,
Theorem 255-now follows from Theorem 242.
From Theorem 248 we deduce

81p
M(p, 8) < (T—p)? <(

THEOREM 2566.—

8 4d,
MI(P9 S)g.i—l_e—p gl———;’

|8 < €817 < dedn,
where 3, = §,(T') and d =d(T").
For 3 &< 4d, and we use Theorems 213 and 248.
THEOREM 257.— | &< 28, < 8d.
For, by Theorems 212 and 241,
[8s] <Max (3;, |%]) < 25, < 84.
27.62. It is another open question whether |s,| <%|3;| whenever S

is subordinate to §; the function o,(2) (subordinate to itself) shows that
more cannot be true We actually know it to be true for n =1 and
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n =2 (Theorems 212 and 257). For general s, we shall now prove some

results similar to those of §27.5 for 0,. We begin with

THEOREM 258.—Suppose that S(2) transform vy into a conver domain.
If 8(z) is subordinate to S(2), then |s,| <|3,|.

The proof is exactly the same as that of Theorem 254.

27.63. We need the following results, which are of considerable
intrinsic interest and have other applicationst.

TurorEM 259.—Let |S,(0)| <1 for all real 0, where
8,(0) = a, 8in 8+a, sin 20+...+a,, sinnf.

5,(0)

Then a0 <n.

COROLLARY 1.—
|@y+2a+...+na, | <n.
CoroLLARY 2.—Let |Q,(2)| <1 for all z in vy, where

Qn (z) = bo+b12+ eee +bn A
Then | @, @) <n in .

Both the theorem and the corollaries are ‘‘best possible’, as the
examples S,(0) =sinnf and @,(z) = 2" show.

We may assume 0 <0 <#. If }w/n <0 < 4w, then sinf > 20/ > 1/n,
and so |(sinf)-28,(0)| <n. Similarly if }» <O <m—4n/n. Let now
0<0<}n/n or m—in/n <O<w. Let cos@ ==z The function cosnd
is a polynomial 7',(x) of degree n, whose zeros are at x; = cosf;, where
0, =32k—1)7/n, 1 <k<n. Also

’ i o 4
M Tae)=nGrgs | Ta)|<at

This formula shows that (sin8)-18,(0) is a polynomial in 2 of (at most)
degree n—1. Hence, using Lagrange’s interpola.tion formula,

8,.(0) _ Sp(0e) 1 Ty(z)_ ,(z)
sin@ ;El sm()’; Tr () z—2, » ,z (=118, (0)

t Corresponding inequalities with an extra factor 4 op the right-hand side are
comparatively trivial, the essential exact ones not at all.
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Now for our 6 we have z, <z <1 or —1 <z <z, respectively, so that
T,(x)/(x—z;) is of constant sign for all .. Hence

8,(6) 8 T@)|_ 1 m
| sind | S e e LACTES
This completes the proof.

Corollary 1 is the limiting case § = 0. As for Corollary 2,
8,0) = =9l _p pinp ... b, reinns  (2]=1)

satisfies | S,(0)| <1, and so, by Corollary 1,
Q' Q)] =L@ ()| =018+ 2ba L% +... +nb, I < n.

This (and the maximum modulus principle) proves Corollary, 2.

27.64. THEOREM 260.—Suppose that S(z) has real coefficients 8,. If
8(z) 18 subordinate to S(z) then |s,| <n|3,|.

We recall [§22.5, Lemma 4 and (3)] that, if S(z) =S (w (z)),

8, = E a(”ak, wk(z) = 3 albrzn;
n=k

and that in y
[P,,(z)l—-—-—l 3 a.g’)z"|<l,
k=1

1
2P, (—5—) | <L
We may assume that 3, > 0. Then by §27.51 (1),

=2 ﬂv(p, 0);11 o) p* sin k046 = = j »(p, 6) 8, (6)db,
where v(p, 8) = 38(2),

18,(0)| =| & o+ sints | = PoUfe) =Py (1) |<r =)

and v(p, §) >0 if 0 <0< w. Hence, using Theorem 259,

|3n|<

] v(p, 0) sin 830 = np-"—V3,.

Masking p—>1 we have the desired result.
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27.65. THROREM 261.—Suppose that S(z) transform y into a *star-
shaped” domain. If 8(z) is subordinate to 8(z), then |8,| < |7,

Consider
z

G(z)="

%a;=3,z+?-21 2.

We have 2@’ (z) = S(z), and so, by Theorem 253 and §27.52 (3),

2 arg (126 () = 2 org (20 () ) = 2, sxg S@) ="—‘g—' >0 (2= pet).

Let ¢(p) be the transform of |z| = p by G(z). Then arg{iz G'(z)} is the
angle made with the positive real axis by the tangential vector of c(p)
at the point w = @G (z) (for increasing #). If z moves once round the circle
|2| = p in the positive sense this angle increases steadily by a total 2.
This evidently implies that ¢(p) is convex; thus G(z) is *“schlicht” in y
and transforms it into a convex domainft.

Let now §(z) = S(w). The function

9@) = ¢(Lw@) = gzt+a2+... (<1)

is subordinate to G({z), which maps y on a convex domain. Hence, by
Theorem 258,

n -
1001 = £ a0 3 12| =l0al It <[5l
Theorem 259, Corollary 2, now gives

”n
joal =| £ a3, |= | @a)| <nla)

27.7. We turn now to type (C), which is particularly simple for
functions 8. We define generally for & function f,
1
w(a) =w,f)=1II (;,.(—a-))’
where (as in Theorem 214) z1(a), 2a(a), ... are the non-zero roots, in order
of increasing moduli p,(a), py(a), ..., of the equation f—a =0, the
product being taken over all p,, and a product containing no factors being

+ This result provides a new proof of Theorem 252, since, by Theorem 254, applied to
she coefficients of G, |3./n| <|7,.
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interpreted to be unity. =r(a) < ® means, of course, that the produci
is convergent.

TreoreM 262.— For a function 8,

M w(@) = wla, 9 < 1+2 r§|+2\/(,%,+|—;‘-}.) (a 0,

@ m(o)<,—1<,s,

where 8, 18 the first coefficient in X s, z* that does not vanish, and where
d=d(T') i3 defined as tn §256.1. (2) gives in particular |8,| <3, < 4d.

For » *‘schlicht”’ function § there is at most one z,(a), Z(a) say, when
a7#0. By Theorems 214 and 243 we have
8 L L
® nIslN (Pu(a)) < P(a)’
where N is determined by py(a) < p < py41(a). But the left side of (3)
is not increased either if we increase or if we decrease the value of N
(for fixed p), and it follows that (3) is valid for all values of = and p.
Meaking p— 1, we have therefore, for any N,

1 1
g, (m) <;@
Hence
(4) w(o) = -( R

Now by Theorems 242 and 243

_ dp
|al =15 (Fa}| < 12128, < T2,

1 d d , &
go that m<l+2m+2\/(l—a-|+la_ln),
and the first part of the theorem follows from (4).

If a=0, we have u =1, II =1, in the right-hand side of the in-
equality of Theorem 214, and so

lo|e= I <|a|< 44,
)
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first for a special N, and then, as above, for all N and p. Making first
p—>1 and then N —>  we obtain the second part.

For special functions S pla) is known, and (4) gives more precise
results. Consider, for example, functions B (z) (§23.4). Here

Bl—by =22 0 =pytip),

which is an 8, §,(2) say;
z(a, B) = Z(a—b,, §)) = :::; (a 5 by,
and we have

(a * bo).

w(a, B < | 222

by
where &; is the conjugate of b, Similar results hold, e.g., for functions
C (§26.3), and for functions f satisfying | f| < 1 in y.

28. Various developments.

28.1. THEOREM 263.—Suppose that f(z) = a,z+ay22+... is regular in
|2| < 1, and that a,=1. Let r(f) be the radius of the greatestt cir-
cumference |w|=r [not circle |w|< 7], all of whose points are values
taken by f in |z|<1. Then r(f) = Al.

If we add the hypothesis that f is ‘“schlicht” the theorem is con-
tained in Theorem 243 ; the additional hypothesis is, however, unnecessary.
Before proving the theorem we generalize it a little further. Tet
u(f) = Max|f|, and let us replace the hypothesis a, =1 by p(f) =1.

To see that the change does generalize the theorem, suppose the final
form true. If now a; = 1, Cauchy’s inequality |a,|<C»~'M(r) shows that

u(f) =31, whence, writing ¢ = f/u(f), we have () > 4,
r(f) =r@) u(f) >34,
We have, then, to prove:
1f f is regular in |z|< 1, j(O) 0, and p(f) =1, then r(f)

+ The values of 7, of which #(7) is to be the greatest, form a closed set.
1 It is not known whether r(f) > 1 is true; no stronger result is, of course, possible, as

the example ay(z) shows.
Q
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This follows easily from Theorem 227. In fact, if r(f) <k, then, for
appropriate values of a and B, ke* and 2ke* are missing values of f, and

—ke*
$= et — ke

is a P(2), with |py|<1. Hence
nig) < 4,
1=u(f) < k+38k4,,
k> 1484y~

and this proves the result.

28.2. A theorem on integral functionst. What are the conditions
that an integral function of an integral function should be of finite order?
The answer seems very obvious, but the only known proof has to appeal
to the very sophisticated Theorem 263.

THEOREM 264.—Suppose that f, g, h are Integral functions of z, and
that f=g(h). If now f is of finite order, then either (i) h is a poly-
nomial and g is of finite order, or (ii) g s of zero order and h is of finite
order.

If we set out to prove that g and A are not both of ‘““large’ order
we naturally begin a reductio ad absurdum : ‘‘h is of large order in 2
for some 2, say |h|= R; g(w) is of large order in R on |w|=R’. But
this much does not prove that f(z2) is of large order ; the difficulty is that
the h(z) that have |h|= R may have the wrong amplitude to make g(w)
large in R. The point is met by the following

LeMMa.—Let
F@r)=M@,f), G@r)=M(@,g), H@ = M@rh.
There exists an absolute positive constant a such that, if h(0) = 0, then
Fi) > Gl{aH@En}.

Let o = g—-.-(é—%

¢ is regular in |{| <1 and p(¢) =1. By Theorem 263 (generalized) there

t No knowledge of the special theory of integral functions is required here. An integral
function f{s) is said to be of finite order p if |f| < exp(|sl***) for (arbitrary positive « and)
large | s |, and if p is the smallest number with this property.
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exists an absolute constant a and an R>aH(}r) such that every w

satisfying |w| = R is a value of 4(2) in |z| <r. There is a w, such that
lwe|l =R, |glwy)| = G(R) = G(|w,).

There exists a 2o satisfying | 20| << 7, for which wo = h(2e). Then

G{aHGN} < G(lwo)) = | 9wy | =|g(hteo )| < Fr),
the result of the lemma.

28.8. Consider now Theorem 264. We may suppose h(0)=0
[otherwise let h* = h—h(0), g*(w) = g{w+%(0)} ; then g(h) = g*(h*),
and the result is true for g, h if it is true for g®*, h*] and that neither
g nor h is a constant. Let

h(z) = ayz+...+an2*+..., gw) = Zd,w",
and let m be an integer for which a, 0. We have
F(r) < K exp(),
Hn >|amlr™,
G(a|aa| 2™ < GlaH@Er)} < F() < K exp(r),
(1) G(a|an|27™r) < Kexp(r*/™).
We now distinguish two cases :

(a) h is not a polynomial. Then m may be taken arbitrarily large,
and it follows from (1) that g is of order zero. Further we have, for
every n,

) [ba{eH@N}" | < G{aH(G)} < K exp(r).
Since | b, |> 0 for some n > 0 (g not being a constant), (2) shows that h
is of finite order.

Case (b). h is a polynomial. Here (1) shows that g is of finite order.

We observe that case (ii) (with A not a polynomial) is & possible one.
It occurs, for example, if 4 is any function of finite order and

gw) = Ze~"w".
A comparison of Ze~™ R" with the integral Ia""R’dz shows without
difficulty, in fact, that
G(R) < dexp(4 log*R),

whenoe if h is of order p, f is of order 2p at most (in point of fact of order
2p exactly).
Q2
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28,41. The inequalities (3) for functions C (§2.63) show that a set
of missing values filling a half-line restricts the ‘‘order’ of the function
to that of (1—p)~? at most ; Theorem 233 shows that the same restriction
is effected by a discrete set (—4n®n?) of points on a half linet. Finally
Theorem 242 shows that the same restriction 'of order is effected by
any I' of missing values, for example, any Jordan curve extending
to . A comparison of these results inevitably suggests that if the
curve, in its turn, is replaced by a discrete string of points, with gaps
not too large, the order of the function will still not exceed (1—p)~%.
Since it combines the depth of the very special modular theorems with
the generality of the ‘‘schlicht’’ functions, .this theorem can hardly be
easy. Provided, however, that we abandon the ideal of a best possible
power of (1—p)~! for the order, we can not only prove the suggested
result, but extend it materially. It will appear, in particular, that a
very sparse set of missing values is enough to reduce the order of the
function below a constant power of (1—p)~.

TreoreM 265.—Suppose that we are given an integer k > 0, a constant
¢ > 1, and an infinite sequence w,, w,, ..., where | w,| =7, 1 >0,
T K Tus1 < Cry, and 7,—>® as n—>o. Suppose nmow that, in v,
f(®) = agt+ayz+... is regular and takes no value w, more than k times.

Then
Mp, f) < A(Kym(1—p)~H,

where h = AE) c(r,+1), m=MaxQ, |a], |a]|, ..., |a].
The proof depends on

Lemma 4.—Suppose that, in y, ¢(2) = uy+u,z+... is regular and
takes neither of the values 0 and 1 more than k times. Suppose, further,
that

1) lun | 1 (0 << K).
Then
(2) Mp, ¢) < A(k, p),

8 | a1 | < 4 (K).

t This is, we may observe in passing, in striking contrast to the effect of even a domain
of missing values, provided the domain is bounded. Thus the fumction exp (i’L: ) has a
domain |w| < 1 of missing values, but its order is as high as exp (ié—)
- -

1 A precisely similar group of results holds for $he order of the n-th coefficient.
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The second part follows from the first by taking p=} in
|urs1| o+ < M(p). The first is a particular case of

THEOREM 266.—Given m > 0, n > 0, positive numbers k,, k,, ..., ky,
0<9<1,R>0; there exists a H= A(m, n, kg, ..., kn, 9, BR) with the

following property. Let f(e) = g‘.a.z' be regular and have at most m
0
1-points and n zeros in |z2| < R. Further let |a,| <k (v n). Then

Ifl<H (2]l <IB.
28 .42. This theorem we deduce from two more lemmas.

LeMMA 5.—Let N be integral and N > 0, and let Ky, Ky, ..., Ky be
positive numbers. Then there existsaJ = AN, K, ..., Ky) with the follow-
ing property. Let F(2) = ZB,2" be regular and have exactly N zeros in
lz] < 1, and let |B,| < K, 0 K N). Then

P = Min|F| <J.

Is}=1

This is true for N = 0 since P <<|B0|. Suppose then N > 0; also that
P>0. Let &, ..., £&¥ be the zeros, and let G(s) be defined by

N N
(1) Ill(z—fv) = I;I(l—f:z)'F(z) G(’)’

where ¢, is the conjugate of £,. G(z) =Zy,2* (say) is regular in |z| < 1.
For |z| =1 the two II's are equal in modulus; hence
lGl=1UIF|< P"
Therefore |8,| < P~'. 'The right-hand side of (1) is therefore msjorized

b ©

y AH s D¥ Eot...+Enla F+..) P Eal,
a fortiori by
@ 2”%|sl"(K,+...+KN|z|“’+...)P"%lz\'.

Hence | coefficient of 2~ in (1)| < coefficient of | ¥ in (2),
1 < 2Y P~ {coefficient of ¥ in (Kog+...+Kn|s|M)(1—|s])%},
rPgJ.

28.43. LeMMa 6.—Let E>0, 0O<R,<<R;. There ezxists an
Q = A(E, R,, Ry with the following property. Let f(z) be regular
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and never equal to 0 or 1 in B, <|z| < R,, and let B, = }(R,+ R, and

,,]ll_lg.lfI<E-

Then /1< (z|=Ry. '
Let R,—R,=2r, and let z, be a point on |2| = R, for which
| fieo| < E. By Theorem 227t
IfI<A\(B)=E, (ls—s|<in).
Let z, be the point in which | s—z,| = §r cuts | z| = R,; then
[fI<4yBY)=E; (s—2|<in).
This process can be continued, and covers the circumference |z|= R,
in A(r/Ry) = A(R,, R, stages. Lemma 6 follows.

28.44. To prove Theorem 266 we now divide the interval # R to R into
m<+4n+1 equal parts. For at least one of them, which we call (R,, Ry
we have

f#0,1 (B, <|z|<Ry.

Also, taking F of Lemma 5 to be f(R,2) and observing that
|18, | < k. R; < k,R’, N<n, we have

Min|f|=Min|F|<E =AW, by bR, ..., kB < A, by oo i, B

By Liemma 6
If| < Q=AE, By, R) = Am, n, ky, ..., kn, 3, B)

for |z|= R, A fortiori this holds for |z|= 3R.

28.45. We have now established Lemma 4. Return now to Theorem
265; it is enough to prove | f(p)| < 4A(k)m(1—p)~*. Let

F(s) = flp+ 1 —p)s} = by+by2+...,

where by = Q%!ﬂ)- ™).

Since |p+ (1—p)2| <1 in v, the function F(s) is regular in y and
takes no value w, more than % times. Let
@ n=pu@) =r+|b|+|by|+... 4| 0| > 7.

It is evident from the hypotheses about the w, that there ezists a v > 1

such that
2[l.<l‘w,|<20ﬂ.

Noée that Theorem 227 is Theorem 266 with 7 = n = 0.
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Thus

@) |10, —10, | < 8]0, | < den

and

8) b —n <l || <<l w,—w,|.
Let now $ls) = ﬂ-)——‘ = utwmet...

Clearly ¢ takes neither of the values 0 and 1 more than k times; also,
for 0<n gk,

= l w.f:w. | < fw.-n—w.l <b

and PRES J_Q:':;_ll Lb_ou'_f_l<1.
- 1 I

Thus Lemma 4, (8), is applicable to ¢, and we have
|t | < 4,
(4) | Bes1| = | tesr(0,—w) | < deud (k) < cAR)ri+] bl ...+
< k14|44 by | +...+ D,

where we denote by h a constant of the form A(k)c(r,41) (not always
the same at different occurrences). (4) may be written

6) (1— )+ |f*+ ()| < Iy (1= )| D) ...+ A —p) [ £ 0) |+ )|+ 1)
=nT,

say. Now let V(o) = (1—p)"*'T. Since D|F(p)| <| F'(p)|, where D®(p)
is the upper right-hand derivate of ®(p), we have

k
Dy (p) = (l—p)"'“jo (1—p)*D| f™p)|
~ 3 (bl L — 2 ) | — Oyt DA =
k+1 k
< (1—pi" 2 A=p*| fP)| — U+ HA—p)m (‘go(l—p)ﬂf"’(p)l +1)

k
< A—p [ A= 1] ) | =y (2 0= | /900 | +1)
<o,
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by (5). Hence
k
v ¥ = .§olﬂ*>(0)|+1 < ARA+|ao|+...+|ar ) < A()m,

and so finally A—=pM*| f(p) | < Y (p) < A(K)m.

28.5. It is natural to generalize ‘‘schlicht functions’ to ‘‘functions
of valency p *’, which take (in y) no value more than p times. The questions
at once arise: are such functions of order 2p and coefficient order n?r-!
(at most)? The answers are affirmative. The proofs, due to Cartwrightt,
are difficult, and depend on ideas unlike any we have been considering.
A further important generalization is to functions of *‘mean valency »*,
which, in a certain defined sense, take values ‘‘on the average ’’ not more
than p times: p now need not be integral (and may be less than 1). [See
D. C. Spencer, Trans. American Math. Soc., 48 (3) (1940), 418-435,
and references there given.] Cartwright’s theorems (and to a great
extent their proofs) are, rather surprisingly, true for the wider class, and
this greatly extends their scope.

* M. L. Cartwright, Math. Annalen, 111 (1935), Y8118,
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Addenda and Corrigenda.
P. 25. Before §3 insert the following:

Suppose that f,(z) >f(z) at each point z, or (z, y)t, of a bounded
closed set R. Let d,(2) = f,—f, so that d,—>0 at each z of R.

The convergence of f,, to f (or of d, to 0) is uniform in R if and only if
d,(2,) >0 for every function (or sequence) z, of n (z, always belonging
to R).

Let M, be the upper bound of |d,| in R. Uniform convergence
is equivalent to M,—>0. Also |d,(z,)| <M, for all functions z,,
|d.(2,)| = M, for some function z,,.

Suppose f,—f al each z of a bounded closed R, and that each f, is
continuous in R. Then (i) if the convergence i3 uniform the continuity (of
J,) 8 uniform (in n)}; (i) conversely, if the continuity i8 uniform so is the
convergence. -

Further, (iii) if f, i8 uniformly continuous in R, and convergent, to f
say, in o set E dense in R, then f, converges uniformly to a limit f in R.

(i) Given the convergence uniform, f is continuous, f,—f is con-
tinuous, and we may suppose f=0. If all 2’s concerned belong to R,
and Az =2'—z, AF = F(2')— F(z), we have

IAfnl < Ifn(z’)l'l‘lfn(z)l < é‘+%‘ =e (n>ny),

whese n,=ng(e) is independent of z and z’. Also f,, f,, ..., f,, are con-
tinuous. It follows that

|Afu| <€ for |Az|<3(e), independent of n.
(ii) Given the continuity uniform, we have
|Af,| <€ for |Az|<8(e).

Hence |Af|=1lim|Af,| <€ for |Az|<8; [ is continuous, f,—f is uni-
formly continuous, and we may suppose f=0. If the convergence is
not uniform, there exists a function z, giving | f,(2,)| >a>0. If { is

1 The results that follow are true in n dimensions; n = 2 is perfectly typical.

{ The continuity of an ¥ continuous in (& closed) R being necessarily uniform in z of
R, reference to it is usually suppressed; any uniformity actually mentioned is with respeet
to some further parameter. Thnj.ofthohxthghmoontinuomuniformlyinzondn.
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a limit point of the z,, f,,({) differs little from f,(z,) when z, is near {,
by the uniform continuity. Hence |f,({)|> ja for some large =,

contrary to f,({)—>0.

(iii) It is enough, by (ii), to prove f, convergent at each z of.R.
Now given e there exists a d(¢) (independent of n) such that for all n
|Afa| < %e whenever |Az| < 8. If now z is any point of R, there exists a
point 2’ = 2'(z, €) of K for which |Az| <38. Then

| fa (&) —fm(@) | <|F ') —fum(@) |4|Afo |+ Afm]
S| fa@)—fu(@)|+Ee+ e
The first term on the right, however, is less than }e for
m,n>N(, ey=N(z, ¢),
on account of the convergence of f, at z’ (a point of E). We have, then,
@) —fa®)| <€ [m,n>N, )],

and f, is convergent at 2.

We can use these results with advantage later. Meanwhile, the
¢ Continuous Selection Principle ”’, namely the Corollary of Theorem 5, is
an immediate consequence.

Note first, however, a correction and an addition to the Corollary.
(i) At the end of the first sentence of the enunciation add: “and f, s
bounded (as n— o) for some fized z of D.”” (i) Add at the end:

“ There 18 a corresponding result with a bounded closed set R in place of
the open D. If f, is uniformly continuous in R and bounded at some
fized point of R, then there exists o subsequence (n,) such that f, converges
to a continuous f, uniformly in R.”

After the proof of Theorem 6 we continue: A function F,, uniformly
continuous in a bounded closed set, and bounded at a fixed point of the
set, is uniformly bounded in the set. (There is a finite network of
squares covering the set, independent of n, and such that |AF,[<1 in
any one square). Hence f, is uniformly bounded in any D’ and in R
in the respective cases. Choose a denumerable set E dense in D
(in R, in the easier “closed” case); by the Theorem there exists &
subsequence (n,) for which f, converges to some f in K. Then in
any D’ f, converges uniformly to some f, and clearly this involves
the existence of an f, continuous in D, such that f, —f uniformly in
any D’.
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P. 37. Omit Theorem 16 (used only to prove the vital Theorem 21,
but originally an unpleasant necessity. Theorem 21 now receives a new
proof).

P. 42, 1. 8 to 1. 15. Substitute: “By the Addendum to p. 25 f, con-
verges uniformly in E, to a continuous limit, which must be f,.”

P. 42, Theorem 21. The first two sentences of the proof stand. For the
rest substitute :

We prove first that for any bounded function A(6)
1) g,.hda»j' gh do.
Suppose || < O. For arbitrarily small positive e, § there exists, by

Theorem 6, a step function A* such that |A*| < C and |h—h*| < € except
in a set X of measure mX <3. Then

H(v. h—gh) JO—S (g, h*—gh*) do I
<|  Ual+lgD <0+ (gaI+IgDBI-+iA%) db.

The first term on the right-hand side is small with e [since g is integrable
L and M,(g,) <M.g9, <G@. The second is small with mX since

|h|+|h*| < 2C, g is integrable L, and j|gn| is u.a.c. Hence the right-

hand side is small with § and e. Finally the second integral on the left-
hand side tends to 0, since h* is a step-function. This proves (1).
Now let ¢ = [gly, = |p[25gn¢. Since ¢ is bounded,

Joupdo>qpao

= [lolir-1a0;
2 | 18P <3 [Iollprras
=1im2—lﬂjg,,¢do

< lim M, (g,) M. () = A(2-l;'_r jl¢|’d@) ll'l
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where A= lim M,(g,). Since j’|¢|rdo is finite this gives
L j|¢|rdo <x
2‘” AN

1 . 1
@ - [loldo= tim & fl4rds <,
which includes the desired result.

P. 43, proof of Theorem 22. This should read: ‘By Theorem 5,
Corollary, there exists a subsequence (n,) such that f, —f uniformly in

0
(the whole of) E,. By Theorem 20, f=j gdf+c”’. Conclude with the
0
last sentence of the text.

P. 46, Theorem 26. For the proof substitute: ¢ This follows (with f, for
gy) from (2) of the Addendum to Theorem 21 (p. 42) .

P. 64, §5.91, Lemma. Replace from ““hence” (l. 1 of the proof) to the
end of §5.91 by “and if |h|<K, |o,| <K (Theorem 34), and so
|o,—h| < 2K. The result follows by Theorem 10.”

P. 66, §6.1. Add (at appropriate places): *“ F(D) is a closed set. . . .
C is the frontier of each of the domains (and is a closed set). The
domains have no common point, and a Jordan curve joining a point of
one to a point of the other must have a point in common with C .

4 lines from end. For ‘ continuous ”’ read ‘ bi-continuous ”’.

3 lines from end. For the second <D’ read “A”.

P. 87, line 13 on. We must distinguish L,, —L,, I, —I,, upper and
lower bounds for positive ¢ and negative ¢ giving p(t) = r, and make the
obvious modifications in the subsequent argument.

P. 83. From “and” (l. 18) to ““>>p).” (. 19) substitute ‘“and let B be
a frontier point of E’'”. After ¢ Clearly” (l. 19) insert B is interior
to D,”.

P. 105, end of §9.2. The “minimum” idea can be applied to prove
the existence of a solution of 2» =% also; we therefore give a complete
proof of the ‘fundamental theorem’, independent of the theory of
circular functions (or processes of integration).
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If f({) = {*+a, L**+...+a, is never zero, then, since | f] is large for
large |{|, | f| attains a minimum other than 0, at {, say. Let {={,+2,
()= Ag+A4,2m+...4+2", where A,5£0, and A, is the first of
4, 4, ...,A, =1 thatisnot 0. Ifm =1 we can choose z = —8A4,4/A,,
when | f(§)| =] 4o|{1—8+0(5%} <|4,| for small 3, a contradiction. A
similar argument succeeds, with z = du, and u a solution of ™= —Ao/Apy,
provided we can always solve

F()={"~k=0.

Repeat the * minimum at {,” argument on | F({)| itself. If {, is not 0
then ““4,” is not 0, and the crude form of the argument succeeds. It
remains only to show that for k0 |F| is not a minimum at {=0,
We now observe first that we can always solve {®"= 41, 4i. For we can
solve {* = a+1b, 4-{ being solutions, with

{=vllo+1 V(@ +)}+isgnb v/ {—fa-t+} v/(a*+b};

and we may therefore suppose m odd, in which case {™ takes the 4 values
41, £¢ in some order when { does. Finally, if «, (vr=1,2,3,4) are
respectively solutions of ™= 41, +i, the four points (3u,)™ are at the
small distance 3™ respectively K, W, N, S of the origin. One of these
must be nearer the point & than the origin, and | F| is not & minimum
at {=0. "

Alternatively we can apply the “N, 8, E, W idea at the Ly of the
general case f({).

The history is interesting. The theorem was stated by d’Alembert
in 1746, and is called *“d’Alembert’s theorem” by Gauss. The first
‘“proof”, by modern standards, was given by Gauss in 1799; of this
Klein says ‘vom heutigen Standpunkte . . . er ist im Prinzip richtig,
aber nicht vollstindig”. His second proof, not merely complete, but
the best from the purely algebraic standpoint even to-day, is dated
December 1815. (There is a third of 1816.) In 1815 Argand [Gergonne’s
Annales, 5 (1815), 204] gave a proof by the ‘“minimum ” argument, but
took the solution of 2™ =k for granted (by the *“ Argand diagram and
circular functions). The ideas of the proof given above are all to be found,
(heavily overlaid with detail) in Cauchy [Journal de I’Ecole Polytech.,
11 (1820), 411; also later in Exercices de Mathématiques, 4 (1929), 98, or
Cours de I’ Analyse, Ch. X, 331). The alternative proof indicated above
is given (still overlaid) in Todhunter’s «“ Theory of Equations” (pp. 16-20
in the 3rd edition, 1875; Cauchy’s name is mentioned). Since then the
proof seems to have been largely forgotten.
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P. 110, 1. 16. The regularity of ¢ is a consequence of the following very
general theorem.

*Suppose that for each fixed t of a finite range (a, b) of the real variable ¢
F(z, t) 45 regular in z of a fived domain D, and that F is continuous in
b
(2, 1) forall z of any D and ¢ of (a, b). Then j F(z, £)d ia a regular
[ ]
Junction of z in D. The result is valid also for an infinite range (a, b) of
t, provided Y 18 convergent uniformly in z of any D"..
[

This follows immediately from the following ‘ Converse of Cauchy’s
Theorem ** (Morera’s Theorem), which we suppose known.

If F(z) is continuous and one-valued in a domain D, and if for every
simple polygon C whose interior 18 contained in D we have L F(z)dz=0,
then F is regular in D,

b )
For j’c (L F(z,t) dt) dz= j: (L F(z, t)dz) dt =L0dt =0,

[The scope of the “ F(z, ) theorem and its dependence on Morera’s
Theorem have not everywhere been recognized. Morera’s Theorem gives
a similar immediate proof of Weierstrass’s Theorem on the regularity of
a uniformly convergent series of regular functions (and its differenti-
ability term by term.)]

P. 112, after §9.8. We add one or two additional theorems.

THEOREM. Suppose that A> 0, and that ¢,(z), ¢a(2), ..., $x(2) are
regular in a bounded domain D, and continuous in D'. Then

N
86)= Z [¢u@)]

attains its upper bound for D’ at a point of F (D).

We shall have established this if we show that, given any z, of D,
either (i) there is a z, of D' with §(2,) > 8(z,), or (ii) there is & 2z, of
F(D) with 8(2,) => 8(z,). [The bound is attained, at { say. If { belongs
to D (i) is impossible for 2y = {.]

Let & be a typical suffix for which ¢,(2)=0, v one for which
é,(%) #0. Then the ¢)(z) are regular at z, (whatever branches are
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taken). Let )
F(z) = Z 4)(2) 5g0 ¢ (o),

so that F(z,) =| F(2,)| = S(z,).
If F(z) is not constant there is a z; near z,, where | F(z;)| > | F(%)|,
and so
8(z1) 2| F(2))| > | F(zo)] = 8(z),

a case of (i). If, however, F is constant, it is constant in the whole of
D', and for any point 2, of F(D) *

8(2y) = | F(z1)| = | F(2o)| = 8(zo)-
There is an application of this to prove:

Let ¢(z) be regular in |z| <R and continuous in |z| <R. Then
M, (r, $) is a monotonic increasing function of r in 0 <r < R.

Let $n=$(ze*/N) (1 <nN).
Let r < R. For any z, of |2| =r there exists, by the Theorem, some 2,
of |z| = R, varying with N when that varies, such that
1) Ly |$a et TP < %o 5 |(z, ermerd) P
N A=l = N n=l t )

Since |¢(z)[* is continuous in 6 for 2| =p < R, we have, for any {y
varying with N but satisfying [Lx|=p,

lm 3 % [@wemmp =L [ |g(epao.

Applying this to (1) with p =r, RB; {y = 2y, 2,, We obtain
M}(r, $) < MX(R, ¢),
and this is equivalent to the desired result.

TeROREM. Suppose that f(2) ts regular for all (finite) z, and suppose
for simplicity that f(0) #0. Let M(r)= M(r, f), and let n(r) be the
number of zeros of fin |2| <r. Then

n(r) < 16:;_2 log M (3r)+K,
where K is a constant.
Leta, [n=1, 2, ..., N = n(r)] be the zeros of f in |z| <r, and let

¢(z>=f(z>/ 1-2).
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Then
|70 = 1$0)] < M(ar, ) <Moo, 1 (EE 1) <mien 22,

P. 113, 1. 4. f/z is bounded as z—> 0 since f’(0) exists.

P. 116, end of §10.4. Add: As a typical application we have:
If f(2) 18 regular for every (finite) z and
/9 = O (eeP)
as z— o, then f(z) is a polynomial 6f degree not exceeding k.
Let f(2) = Za,2". For large positive R
Bf(R)) <2R* ({|<).
By Theorem 110 |a, B*| < 2(2R*—Ray) (n>0),

and making BR—>oo we have a, =0 if n > k.
This result is fundamental in the theory of integral functions, and
something like Theorem 109 or 110 is indispensable to its proof.

P.118,1. 5. For “Also . ... Thus [8 lines lower]” read *Since the
continuity is uniform in any D’ ",
L. 16. For “may . . . deduced” read ‘ follow .

P. 119, Theorem 115. Add at the end of the enunciation: ‘ Further, if
7' is sufficiently small, f takes no value more than n times in |z—a| <1'”.
Add at the end of the proof [p. 120, 1. 3]: “For the last part we
observe that if s, » have the foregoing properties, then an ' < r such that
| f—b| < 8 for all z satisfying |z—a| <7’ will have the desired property .

P.120,1. 4 Omit “f'(z) 20 in D, and”’; and omit the second sentence.
Add: “By Theorem 115 f’ is never 0 if f is ‘schlicht’”.

P. 121, At the end add: “Similar arguments give the following result
for a circle, in its way best possible.
Let f(z) = a,2+a,2%+..., where a, # 0, be regular in |z| <, and never
zero there except at 2=0. Let ILPR | f(z)|=m. Then the inverse function
S|=r

$(w) = byw+bywi+... (certainly regular and ‘schlicht” in some circle
about w = 0) i8 regular and *schlicht” in |w| <m, and satisfies |¢| <7
there.
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Suppose the value w satisfies |w| < m. Then as z describes |z|=r

A arg {f(z)—w} = A arg f(z)+A arg (1_ f_(..“;))
= 27+0,

since |w/f| <1 on |z|=r. Thus f—w has exactly one (and a simple)
root, p(w) say, in |z| <r. Let w+3w be a value near w; f takes this
value somewhere near z, and nowhere else: thus ¢(w-+dw)= 238z,
where 3z is small. Hence (since dz— 0 when Sw is made to tend to 0)

.%_.2_._8&_./5_2_,

lim 0= lim Sw—sl:_ToSw_P,fol 8z-l/f(z)

(where the last denominator is not 0 since z is a simple root of f—w).
Thus ¢ is one-valued and differentiable in |w|<<m, and so regular. In
this domain it is further the inverse function of f, since ¢(w) is a 2z

giving w = f(z).

P. 132, Ldmma 4. Whatever the relations of D to the point at oo, if 2,
and 2, are points of F(D) a closed contour composed of points of D
cannot separate z, and z3. In the proof of the Lemma we can, without
reducing to zy=co, suppose z,, z, finite points of F(D) and take
{=v{(—2)/(z—2)}

L. 2 of the proof. After ¢ Then ” insert ‘‘ the point at .

P. 141, Lemma 9. After the first two sentences of (a), substitute the
following for the rest of the proof of (a): “Since the nuclei D, A are
domains, they contain z= 0 and { = 0 as ¢nterior points; also

£(0) =1lim £, (0) = lim 0 = 0,

and similarly ¢(0) =0. If now f is constant, its value is 0, and since
Jn—f uniformly in any D’, we have f,(z,)—0 for an arbitrary z, of any
D’. Let 7 be a small positive constant, so that |{| <% is a AL, and let
{, be a point other than 0; for large n A, DAL and ¢, is defined at f,;
let z, = ¢, ({o). ¢ is continuous, so ¢({,) is small; so also then is ¢,({,),
since ¢, — ¢ at {,. Hence 2, = ¢,({,) is small, and belongs to a D, and
also to D,. Consequently f,(z,)—>0, a contradiction since the left-hand
side is {, . .
B
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(b) and the first two sentences of (c) stand. Continue: ‘It is enough
to show that any 8’ €A, for large n. If D’ corresponds to 3. by f, and
D! cD,c D, we have Dgc D,, the image of Dj by f, contains &', a
Jortiors A, contains 8’ .

[(d) stands).]

P. 142, §17.3. Inl. 8 insert “in A” after “®”. In 1. 10 insert “By
Vitali’s Theorem, ®,, —»>® in A*” after the full stop. Substitute for the
passage from “It follows . . .” in 1. 11 to the end of Case (i) the
following: “Thus A* and so ® are completely determined, and every
convergent subsequence leads to them. Hence ¢, >®, and A*, ® are
respectively A and the inverse of f”°.

P. 142, last line. Delete from “and” to 3, and delete *“D,”. For the
first three lines of p. 143 substitute: ‘‘z-domain (D_ contains z = 0).
Since D_ C D,, for large n, we have 8. C A, ; 3_ being arbitrary this gives
dc A, which is fal

Minor or small corrigenda.
P. 20, f.n. In the second inequality the %’s should be «’s.
P. 33. Delete the Corollary, the line above, and the proof.
P. 34, Theorem 13. Deletethe line after (5).
P. 35. Delete from “To see . . .” (L. 11) to ““ = 2"{(l. 15).

P. 39, Theorem 19. The necessity part is a luxury from the point of
view of applications.

P. 41, 1l. 5-7. Substitute for the expression in 1. 7 “B— f(0) »

Note : the same points occur several times later; we shall sometimes
indicate the alteration;by the phrase ‘‘ use lim .

P. 48, 1. 4 from bottom. For f, read f, .

P. 71, Theorem 49. Use “ Im .
' 2~>P in D

. 78, last four lines. U/, () = [ li‘E UW), U_($) = Jim U

P. 81, Theorem 63. Injthe second and third lines of the proof, for D
read 1Y, and insert “ continuous * before * limit .
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P. 90. A less awkward notation would be %, %_ for w,, u, (leaving the
rest, e.g. U, 5, unaltered). Note a slip: in 1. 9 below (2), for u, read u,.

P. 103, Theorem 101. Use « [m |f|<M ™.
s=>timD

P. 104, Corollary 3, 1. 2. Before “ constant’ insert * the same .

P. 106, Theorem 102; p. 106, Theorem 102a; p. 107, Theorem 103: Use

“  lim <M”.
s—>€lnDIf| =

P. 107, 1. 3 from bottom. After “H” insert ‘‘depending on ¢ (at any
rate in the possible case of M = 0) .

P. 108. In lines 1, 2 for “ M * substitute “ M+e¢”. Add at the end of
L. 3: ““and then ¢—>0". Compare the fn., p. 109.

P. 110, Theorem 108. Use “Imy <M.

P.113,1. 3. ¢ is bounded near z= 0 since f’(0) exists.

P.114,1. 13. For <“A” read “ U ™.

P.117,1.2. For |Bf] read %rj' |%|d6.

P. 121, L. 5 from bottom. For lying in D read containing only points
of D.

P. 122, 1. 12. After “every ” insert * convergent .

P. 123, §11.52, (2). After the parenthesis insert *“ We show that if ¢
is any point of A then f # ¢ in D.”

P.133,1. 12. For DP read P.

P. 138, 1L. 6, 7 from bottom. For since . . . =M (D) read by Theorem 120,
Cor. 1.

P. 142, 1. 4. Should begin “ (d) Ac8”.

In Theorems 62, 63, 64, 102, 102¢, 106, 113, 116, and in Lemma 8
(p. 134), the domain D should be given bounded.
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