ON THE DEGREE OF VARIATION IN CONFORMAL
MAPPING OF VARIABLE REGIONS(Y)

BY
S. E. WARSCHAWSKI

1. Introduction. Suppose C is a closed Jordan curve and the function
w=f(2) maps the circle |z| <1 conformally onto the interior R of C; f(2) is
analytic in | 2| <1 and continuous in |z| £1. It is well known that the func-
tion f(2) varies continuously in the closed circle | z| <1 under a suitable con-
tinuous deformation(?) of C. It is of interest, however, to go beyond this
merely “qualitative” statement and to estimate the degree of variation of f(3)
in this dependence upon the change in C. If C; is a “neighboring” closed
Jordan curve and if w=1(2), normalized in the same manner as f(z), maps
lz| <1 conformally onto the interior of C, it is desired to find an upper
bound for |f(3) —fi(2)| for | 2| =1 which measures the effect of the deforma-
tion of C.

This problem has been treated with some degree of completeness in the
case of “nearly circular” regions, that is, in the special case in which Cis a
circle. The principal contributions here were made by L. Bieberbach [1],
1924, A. R. Marchenko [10], 1935, and Jacqueline Ferrand [4], 1945.
Marchenko’s and Ferrand’s estimates are, in a certain sense, best possible
results.

The general problem of two arbitrary regions presents a more diversified
aspect because of the various degrees of smoothness which may be imposed
upon one or both of the boundary curves. Under suitable differentiability as-
sumptions regarding the curve C one can reduce the problem to the “nearly
circular” case by a conformal transformation. In this way A. Markoushevitch
[11], 1936, extended Marchenko’s result to the more general configuration
of two Jordan curves. A different approach is used by J. Ferrand in [4],
where a theorem on “nearly polygonal” curves(®) is presented. The method
indicated here is based on appraisals of the change of the harmonic measure

Presented to the Society, November 24, 1945, under the title: On the modulus of continuity
of the mapping function at the boundary in conformal mapping; received by the editors November
14, 1949.

(*) A part of this work was done while the author was connected with the Institute for
Numerical Analysis, National Bureau of Standards, and it was sponsored (in part) by the
Office of Naval Research.

(2) See, for example, Gattegno and Ostrowski [5, section 14]. Numbers in brackets refer to
the bibliography at the end of the paper.

(3) That is, one of the curves lies between two simple closed polygons, one of which is ob-
tained from the other by dilation from an interior point, the ratio being a number close to 1, and
the other curve is a polygon.
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of a side of a polygon under certain deformations (displacement of the sides)
of the polygon.

The main object of the present paper is the study of the problem in more
general cases in which either no restrictions or only weak conditions are
placed on the boundary; in particular, the regions considered need not be
bounded by Jordan curves. The principal tools in this paper are: (i) estimates
for the oscillation of the mapping function of the unit circle onto a bounded
region, which are valid in the neighborhood of the boundary (see §2); (ii)
some auxiliary theorems, in which the mapping function of two regions,
one of which is contained in the other, are compared with each other in any
circle | 3| £p <1 (see Lemmas 3 and 6).

As a first result, Marchenko’s theorem is extended to a “nearly circular”
region which is not necessarily bounded by a Jordan curve (§3). §§4 and 5
deal with the general situation of two arbitrary regions. §6 contains a result
on regions bounded by Jordan curves with continuously turning tangents
which is easily obtained by the method developed in this paper.

2. The oscillation of the mapping function at the boundary. Suppose that
R is a simply connected bounded region and that the function w=f(2) maps
the circle | z| <1 conformally onto R. Let | 2| =1. Then we define for 0<r <1

w(riz) =  sup_ [ 1) — f(z2) ] (Jz] <1, 2] < 1)

|2—5gl S7
and

w(r) = sup w(r; 20).
|20l =1

We call w(r) the oscillation of f(z) at the boundary, and we are interested in
obtaining estimates for w(r). Related questions were investigated by J. Wolff
[16, pp. 217-218], J. Ferrand [3, pp. 150~154], and M. Lavrientieff [7](%).
Their results, however, do not entail direct estimates for w(r). In order to
obtain such estimates we shall introduce in the following a function 5(8),
associated with the boundary of R, in terms of which we shall express our
bounds for w(r). We shall establish two theorems (Theorems I and II), and in
the proof of the first of these we shall make use of the above mentioned
result by Wolff and Ferrand (Lemma 1).

(*) J. Ferrand (1942) proved the following: If z and 2 are points in { [z—zo[ <r, ]z[ <1},
]zol =1, 0<r<1, and if f(0) =w,, then w; =f(21) and w,=f(22) may be separated from w, by a
cross-cut in R of length IS (2rA4/log (1/r))¥?, where 4 is the area of R. The earlier result of
J. Wolff (1934) is similar but not stated quite in this way (see Lemma 1 below). Lavrientieff
introduced, for wy, we in R, a “distance pfwy, w.] with respect to R and w,” (wo=f(z)) and
showed that for |2] <1, |z] <1, p[f(z:); f(22)} < const./(| log |21—2||)V2. The “distance”
o[w1, w.] is defined as min (o, ps) where p; is the greatest lower bound of the lengths of all
arcs in R, which connect w; and w;, and p. is the greatest lower bound of the lengths of all
cross-cuts of R which separate w, and w. from w,.
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Several estimates have been given in the literature for the oscillation of
the inverse function(®), that is, the function which maps R onto !zl <1. We
shall make use of one of these results (see Theorem III).

2.1. Estimate of w(r) in the general case. We begin with the following
definition.

DEFINITION. Suppose R is a simply connected bounded region which con-
tains the origin O. Let ¢ be a cross-cut of R which does not pass through O,
and let T be the one of the two subregions of R which does not contain O.
Denote by A the diameter of ¢ and by A the diameter of T. For any § >0 con-
sider all possible cross-cuts ¢ of R with A £8 and define

7(8) = sup A.
M =8

The function #(d) is in a certain sense a measure for the “irregularity” of
the boundary of R. If the boundary of R is a simple closed curve, then it is
easily seen that lim; .o 9(8) =0. The converse, however, is not necessarily true
(consider, for example, the region obtained by removing one radius from the
interior of the unit circle). We shall call 4(8) the structure modulus of the
boundary of R.

THEOREM I. Suppose that R is a simply connected bounded region which con-
tains the origin and that w=f(z) maps the circle ] z[ <1 conformally onto R such
that f(0) =0. If A denotes the area of R, then the oscillation of f(2) at the bound-
ary,

2.11 < 2md \'? 0 1
@.11) “’(’)*"«mgl/,) ) <r<tl

This theorem is easily proved by means of the following lemma(?).

LEMMA 1. Suppose that the circle [ z[ <1 4s mapped conformally onto a simply
connected region R of finite area A. Let 30 be a point on | z| =1 and k, the part of
the circle | z—3,| =7 which is contained in |z| <1. Then for every r, 0<r<1,
there exists a py, r £p1 S rV2, such that the image of k,, is a cross-cut of R of length

2rd \12
(2.12) L, §( T > ]
log 1/r

Proof. Let w=1(z) map ]z| <1 conformally onto R. We introduce polar
coordinates about 2, and write, for 0 <p <1,

z,=fk |f'<z>||dz|=ﬁ | /(20 + pe) | ode.

(%) E. Lindelsf [9, 1915, pp. 15-18], M. Lavrientieff [7, 1936, formula (a)], J. Ferrand
[3, 1942, pp. 165-171].
(¢) This lemma is essentially due to J. Wolff [16, pp. 217-218].

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use




338 S. E. WARSCHAWSKI [September

Here [, <+ . By the inequality of Schwarz:

(mgﬁgfﬁ%+wwwqﬂwgmfUm+mwwa
kp kp kp

Let 0 <7 <1. Integrating with respect to p from 7 to /2 we obtain

71/2 l ri/2 l: ri/2
f —dp < —dp = rf f lf'(zo + peif) ]2pd0 < 7A.
r p 0 kp

p 0
Hence there exists a p;, » <p; =rV?, such that
r1/2
L @=_imi<ﬂ.
. p 2 r
Since the image of k,, has finite length /,, it is easily seen that it forms a cross-
cut of R,

Proof of Theorem I. Let T, denote the image of the region {lz Zol
<r, I i <1} in the w-plane, and let p; be determined by Lemma 1 so that
(2.12) holds, r =p;=7Y2% Then T, is contained in T,,. Now k,, (Lemma 1) is
mapped onto cross-cut ¢,, of R whose diameter is not greater than J,,. Since
T,,does not contain the origin, it follows from the definition of n(d) that the di-
ameter of T, and hence that of T, does not exceed n(l,,l) =n((2rA/log (1/7))1?),

Now if 2; and 2; are points of |z| <1 which are in ]z zol <r, then f(z:)
and f(2;) are in T, and therefore If(zl) f(Zz)l =(l,). This proves (2.11).

2.2. Estimates of w(r) for linear n(8). A more accurate estimate for w(r)
may be obtained if some information regarding the order of magnitude of
7(8) is available. A particularly simple form is

(2.21) (5) k86 + 7o ’ foré = =< do,

for some §o>0; here « and 754 are constants(”), k>0, 70=0. For this case we
prove the following theorem.

THEOREM I1. Suppose that R, w=1(z), and w(r) are defined as tn Theorem
I. Suppose furthermore that the structure modulus of the boundary of R satisfies
(2.21) and that D is the diameter of R. Then for every u=1,

2 2
(2.22) w(r) £ mre+ (1+ 1/2) <a= 1r2K2),

where m 1s a constant which depends only on «, p, 8, and D. In fact, if h
=min (8, D/x) and po=exp [ —n2D?/28%], one may take

(") The case 70=0 occurs, for example, when the boundary of R consists of a finite number
of Jordan arcs which possess continuously turning tangents and which form a finite number
of corners (that is, angles different from 0 and 2x), such as the interior of the unit circle with a
finite number of slits: arg w =06, 1/2§[w] <1,i=1,2,+---,n.
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—af e\1/2 w2
2 hexpo <—) , when 0 <r = 7o = po exp [_’ 1 I‘:l
I
—a, p 1/2

Dpo (¢) when ry <r < 1(8).

m =

REMARKS. 1. The value of m s least when p=1.

2. One has, from (2.22), lim, .o w(r) £ (14+2/uV?)n, and since p is arbitrary
one may let u— « and one obtains lim, .o w(r) =< 1o.

In the proof of this theorem we shall use the following lemma.

LEMMA 2. Suppose that the hypotheses of Theorem 11 are satisfied. Let z
be a fixed point, |zo| =1, and let T, denote the image of the region { |z—-zol <p,
I z] <1 } under the transformation w=f(3). Let A, be the diameter of T, and I, the
length of the image of the circular arc k,: { |z—zo] =p, |z| <1 } Then for
p=po=exp [—r2D?/2§]

(2.23) Ap é Klp + 770(9)'

Proof. If [, <3, then (2.23) follows from the hypothesis (2.21). If, how-
ever, [,> 8o, then an application of Lemma 1 shows that for every p there
exists a p;, such that p <p;<p!/? and (4 is the area of R)

2rA 1/2 1!'2D2 1/2
e ()" 2 (22,
log1/p 2log 1/p0

Ap1 .S_ Klp1 + no.
But since T, T,,, we have A,£A,, and on the other hand [,, <8, </,. Hence

Ap é Apl é Klpl + vl é Klﬂ + 0.

Hence

Proof of Theorem II. We use the same notation as in Lemma 1, and
repeat the argument leading to inequality (2.13), or

2

l
2= 7rf If’(z) l”pdé) (z = 20 + peid).
p kp

Let

2

::lp
@ = [ ~a.
o P

(®) By the method of Theorem II one may obtain bounds for w(r) (better than those re-
sulting from Theorem I} for other choices of n(8), for example, (3) =&, 0<g<1.

(®) If 5,2 D, then we may let §p— (since 9(8) =9(D) for §=D) and take po=1. Then
Lemma 2 is trivial and the proof of Theorem II is somewhat simplified.

Then we have
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gx) s« j; ’ j; | f(3) |20d6dp.

The integral on the right (apart from the factor =) represents the area of
T., the image of the region {|z—2| <x, || <1} in the w-plane, and it does
not exceed therefore the value r(A,/2)? where A, is the diameter of T,. For
x<po we have, by Lemma 2, A, £«l.+ 70, and therefore

xt
g(x) = s (xlz + 70)?, x = po.

The function g(x) is positive, monotone incteasing, and continuous for
0= x=1, and, for almost all these x: /2 =xg’(x). Hence

g(2) < WZ (kg ()12 + 10)%.

If we set

2
(2.24) : km = 7o, Y=

L3
then we may write this inequality in the form
(2.25) v(g(#)? = (xg'(2))V? + m1.
Suppose that there exists a number £, 0 £ £ <p,, such that

(2.26) v(g(x)NV? = 2 for x = £ (£ is the least such number).
Then we have, from (2.25), (v(g(x))V2—m)?<xg’(x),x=¢, or

1. £(®) _

x  (v(g(a)V? — m)?

Integration over the interval p £x Zpo, where p2§, yields

po fo g (x)dx
log— =
[ o (v(g(x))% — m)?
or
7 po v(g(po))*/? — m [ 1 1 ]
Yog 22 g10g TERY T - .
2 %% = @ = L@ = v —m

Because of (2.26), the second term on the right does not exceed 1. Hence

(_5_0)”/2 < v(g(pa))/? — m

= e.
P v(g(P)M? ~ m

(2.27)
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The assumption (2.26) implies that

Y
(2.28) (g — m 2 5 (g(0))*'2, p= £
Furthermore, by Lemma 2,
T 1
(g(po))¥? = ’Z—Apo = '; (Boo + m).

If 7,,< 8o, we have

(2.29) v(g(po))!* — m = S0

However, if [,,> 8,, then there exists, by Lemma 1, a number p; 2 po such that
1,, £ 80. Then we have

1 1
(g(pa))* = (g(p))1? = —;r-Am s - Gy +m) = > (80 + m),

by hypothesis (2.23), and (2.29) is again true.
Thus we find from (2.27) by use of (2.28) and (2.29)

IIA
IIA

p

y2/2
(2.210) Y S 26 (i) : g o

Po
We also note: it follows from (2.27), (2.28), and the inequality v(g(po))!/2
S«v-(w/2)D =D/« that we may replace, in (2.210), 2¢d, by 2eD/«. Thus, we
may write, in any case, 2ek in place of 2ed,, where 2 =min (8,, D/x).—The
inequality (2.210) presupposes p=£. If p <& then

2m
(2.211) (g(p)V? < — .
Y
Hence for every p, 0 <p =<p,,
' 2¢h nr 9
(2.212) (g(p))V? £ ___(_p_) + o
Y \po Y

This inequality has been derived under the assumption that there exists a
£ such that (2.26) holds. However, if there is no such £ then (2.211) is true for
all p, 0 <p =po, and the inequality (2.212) is again valid for all these p.

Now let p>1. Then

2

P l;
f —dx < g(p)
o/p ¥

and hence, for a suitable p;, p/p Zp1<p,

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use




342 S. E. WARSCHAWSKI [September

2
lpy log p < g(p).
We obtain therefore from (2.212), substituting the values of v and n; from

(2.24),
ehkr p \7'12 ™
s (2)
.(log p)''*\ po (log p)*'*

We write now r =p/p and take p =e*/"" where u is not less than 1 and a con-

stant. Then
e\V2 7y \7'I2 210
l,, < 2¢h <—> (—) + .
u Po kutl?

Since p; Spo we have, by Lemma 2, A,, £«l,,+70. Furthermore, since r < py,
it follows that w(r) <A, <A,,. Thus, for r <pge~+/"",

w\ 1/2 vz 2
(2.213)  w(r) £ uy, + m0 < 2ehx i) i) a1+ ).
u Po ut/?

IIA

This proves (2.22) with the value of m as given for r Z7,. If » >r, the value of
m is so chosen that mre= D and (2.22) is obviously true.

2.3. Oscillation of the inverse mapping function. In §5 we shall need an esti-
mate for the oscillation of the inverse mapping function. We shall use the
following theorem(??).

TrEOREM III. Suppose that R is a simply connected bounded region which
contains the origin O and that o is the distance of O from the boundary B of R.
Let z=¢(w) map R conformally onto the circle lz] <1 so that $(0)=0. If w,
and w, are points in R which are separated from O by a circular cross-cut of R
of radius r, 0 <r<o/2, whose center lies on B, then

| (ws) — @(ws) | < Mrir,
Here M is a constant which depends only on o and the diameter of R.

3. Application to nearly circular regions. In 1935 A. R. Marchenko [10]
established the following theorem:

Suppose C is a closed Jordan curve which lies in the ring 1 <|w| <14
for some ¢, 0 <e<1. Consider any arc of C which subtends a chord whose
length does not exceed e. Let N be the least upper bound of the diameters of
all such arcs, whereby, in each case, the arc with the smaller diameter is
chosen. If w=f(2) maps the circle [zl <1 conformally onto the interior of C
such that f(0) =0 and f/(0) >0, then there exist two absolute constants K and
K; such that for |5 <1:

(1) See J. Ferrand [3 (1942) pp. 166-171]. A result which contains this theorem was given
earlier (1936) by Lavrientieff {7, formula (a)].
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1
| 7(z) — z| < Kelog — + K.
€

This inequality is the best possible as to the order of magnitude(!?) in e
and in A,

As an application of Theorem II we shall extend this theorem to the case
of a “nearly circular” region whose boundary is not necessarily a Jordan
curve,

3.1. Statement of the result. We shall prove the following

THEOREM IV. Suppose R is a simply connected region which contains the
origin and whose boundary is contained in the ring

1<|w|<1+e

for somee, 0 <e<log (8/m). Let N be a number with the following property: Any
two points in R whose distance is less than € may be connected by an arc in R
whose diameter does not exceed N. If w=f(3) maps the circle Izl <1 conformal-
ly onto R such that f(0) =0, f'(0)>0, then

@1 @ s swog—+ ko +(1+0(S) ),

where a = (e*w) V% and k(e) is bounded(1?) for 0 <e<1.

Since e S\ and k(¢) is bounded for 0 <e<1, the right-hand side of (3.11)
is clearly of the form Ke log (1/€)+ KA (%).

3.2, Two lemmas. The following lemma will be used in the proofs of
several theorems in this paper.

LEMMA 3. Suppose that H is a simply connected region which contains the
origin and whose boundary lies in the ring

1
1+ ¢

If h(z) maps lzl <1 conformally onto H such that h(0) =0, h'(0) >0, then for
|z| =p<1

A

(3.21) S|lwls1+e (e > 0).

2 1
(3.22) | h(z) — 3| §p(1+——10g +p)ee'.
T 1—p

() In [4], 1945, J. Ferrand announced a new proof of Marchenko's Theorem according
to which 2/x is the best possible value for K.

(2) In fact k(e) =1+ +et+met(14-log 4 +4(1+€)2+e log 1/e).

(%) The factor = of ¢ log (1/¢) is larger than the value announced by J. Ferrand for Mar-
chenko’s theorem. However, the factor of 2X is “asymptotically” (as e—0) the best possible
in the sense that it approaches 1 when ¢/A—0; simple examples show that it cannot be less
than 1.
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Proof. The function %(3)/z is regular for | z| <1 if defined as f'(0) for z2=0.
Since the boundary of H lies in (3.21),

P ILC) PUT (|z] <1
1+e | z |-
and therefore
[ h
log QW§e
z

The branch of log (h(3)/2) =log (k(2)/2) +1 arg (k(2)/2) for which arg £'(0) =0
is single-valued and regular for Izl < 1. Hence by an inequality of Carathéo-
dory (see, for example, [2, p. 45, (76.3)]):

h(z)

Z

2 1
§e<1+~—-log te

T 1—-p

) for [z Sp <L

log

Since for any complex a
|ee — 1] < | af e®el,

we have (taking ¢ =log (k(2)/z) the inequality (3.22).
For the proof of Theorem IV we shall need one more lemma.

LeEMMA 4. If R is a region which satisfies the hypotheses of Theorem 1V,
then the structure modulus of the boundary of R,

n(8) <6+ 2\ for 6 < 1.

Proof. Let ¢ be a cross-cut of R whose diameter 8 <1. Then ¢ does not
pass through the origin O; ¢ decomposes R into two subregions and we denote
by T the one which does not contain O. The arc ¢ may or may not intersect
the circle | w| = 1. If it does, let ¥ denote the set of all arcs of || =1 which
are in T and whose end points are points of ¢. Since § <1, the set+y is contained
in an arc of the unit circle which is less than . Let I" be the union of ¢ and v,
T =c+y. Then the diameter of T' 1s equal to 8. To see this consider two points w
and w’ on T, If both are on ¢, then clearly l'w—'w’| <4;if both are on v, then
|w—w'| is smaller than the distance of suitable end points of the two arcs
on which w and %’ lie, and since these end points are on ¢, we have again
| 'w—w'[ <4. Suppose now that wis on ¢, w’ onv; let a, b be the end points of
the arc of v on which ' lies. Then the circle about w with radius r equal to
the larger of the two numbers |w—a| and |w—5| must contain the (open)
arc [ab] (<) of the unit circle, as is easily seen from the fact that r <§<1
and the radius of [ab] is equal to one. Hence again Iw—'w’| =4. Thus the
diameter of " does not exceed §; but since I' contains ¢ as subset, it must be
equal to 8.
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Now the proof of the lemma is easily completed. Let w, be a boundary
point of T not on c¢. Then there is, in any neighborhood of w, a point w, in
T such that 1< | 'wll <14e Draw the radius of the unit circle through w; and
denote by w; its intersection with the circle. Since | w; —ws| <e it is possible,
by hypothesis, to connect w; and w; by an arc 8 in R whose diameter does not
exceed N. This arc may or may not intersect ¢. If it does intersect ¢ at a point
w;, say, then |w1—w3| =\. If B does not intersect ¢, then w, is a point of v,
and | w; —w.| Se<\. Thus, it is always possible to find a point w, of I' (and
wo Is either w, or w;) such that

| 0, — wo| <A

If wy is another boundary point of T, not on ¢, then there exists in every
neighborhood of w¢ a point w/ in T and a point wy on I such that

[w! —wf| =S
Hence | —w{ | <|wo—w{ | +2N<6+2\ and therefore also
| wo — wd | <6+ 21
If wd is a point on ¢, then
wi—w | S| wi—w|+|w—w|SN+3,
and hence

Lwo— wi | SN+

Finally, if wo and w{ are points of ¢ then clearly |w;—1w{ | 6. Thus, the
diameter of the boundary of T and hence that of T itself does not exceed
6+ 2\. This completes the proof.

3.3. Proof of Theorem IV. We apply Theorem II to the function w=f(z)
of Theorem IV. By Lemma 4, we may take k=1, §o=1, o= 2\; furthermore
D=2(1+¢), a=2/x2 Since 2¢>D, we have for 0<r<1:

(3.31) m S 2e et0+0 ()12 = 2 exp [1 +4(1 + €)%+ %]
Let z=pe®, 2, =p,e®, r=1—p,. We choose 7 so that mre=¢, or

€ l/a
(3.32) r=1—p = (—) < €.

m
Then we have by Theorem I1I, if p; <p <1:

2
(3.33) ff(z) — f(z) | e+ (1 + —ﬁ) 2.
"

Now
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(3.30) |G — 3| | f@) — fe) ]| + | f@) — ul| + |z~ 2]

Here [z—zll =<1—p;. Furthermore, by Lemma 3,

2 1+ p 2 2mli=
|f(zl)—zli§ee=(1+—1og >§ee‘(1+—log )
T 1—p T ella

1
S eet + weet log — -+ weee log (2m).
€
Since ef < 1-+e¢et we have, using (3.31),

1 1
!f(zl) - le =< er log — + €*met log — + ee*
(3.35) € €
+ ee‘w(log 441441+ 9" +%>

Thus we find from (3.34) by use of (3.33), (3.35), and (3.32)

€T

1 2
(3.36) lf(z) - zl =< er log — - ek(e) + 4 (1 + —) 23,
¢ 2 ul/

where k{e) =1+eé&+e+me(1+ log 4+4(1+¢€)?+elog (1/€)). The sum of the
two terms involving u will be least if eewu/2=(2/u'?)2\, which gives
p=((4/ew) - (2N /€))?3 = 1. Substituting this value for u into the right-hand side
of (3.36) we obtain (3.11). This proves the theorem for p < | z| <1, and by the
principle of the maximum modulus it is therefore true for |z| <1.

4, Arbitrary regions. We consider now the general case in which the
mapping functions of two arbitrary regions are compared with each other.

4.1. Statement and discussion of results. Let Ry and R be two simply con-
nected bounded regions and let B; and B, denote their boundaries. We define
first the “snner distance” Di(B,, B2) of B, and Bs: Let P be a point of B,
which lies in Rq and let d(P, B;) denote the (shortest) distance of P from B..
Then we set d,=maxpesp, .ry, (P, Bz). Similarly, let Q be any point on By,
which lres tn Ry, d(Q, B,) the (shortest) distance of Q from B; and d,
=maxeeB,-&, 4(Q, B1). (If B is contained in R;, then d,=0, and similarly
if By lies in Ry, then d2=0.) We define now (1)

D.‘(Bl, Bz) = D,'(Bz, Bl) = max (dl, dz).
Using this definition we state first the following theorem:

TueorREM V. Suppose Ry and R, are simply connected bounded regions which
contain the origin. Suppose furthermore that the inner distance of their bound-

(%) For this definition see [12]. It should be noted that Ds(Bi, B;) does not necessarily
satisfy the “triangle inequality.”
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artes, D;(B1, Bs) <e for some €, 0<e<1, 0<e<o/64, where o is the distance
of O from By and B,. Let 1:(8) and 1:(8) denote the structure moduli of B, and Bs,
respectively.

If w=fi(2) and w=fs(z) map the circle I zf <1 conformally onto R; and R,
respectively, such that f1(0) =12(0) =0, f{ (0) >0, f (0) >0, then for |z| <1

=1 5 (4 o ) ()
o(() )

Here Ay and A, are the areas of Ry and R., respectively, and k is an absolute
constant (< 16¢).

(4.11)

As a corollary one obtains at once the following result: Suppose R,
(n=1,2, - -+ ) and Ry are simply connected bounded regions, all of which con-
tain the origin O. Denote by B, the boundary of R, (n=0,1, 2, - - ). Suppose
that (i) Di(B,, Bo)—0 as n— o ; (ii) the structure moduli of B,, 1,(8)—0 as
8—0, uniformly for alln=0, 1, 2, - - - ; (iii) the areas A, of R. are uniformly
bounded. If w=f,(z), normalized by the conditions 1,(0)=0, f./(0)>0, maps
Izl <1 conformally onto R.,, then(%)

4.12) fa(2) = fo(2) as n— o, uniformly in I z] =1

If the B, (n=0, 1, 2, - - - ) are closed Jordan curves, these three conditions
are also necessary for (4.12).

We must prove the necessity. Suppose that w,(¢), 0 ¢t <5, are parametric
representations of B, (=0, 1, 2, - - - ) and that

(4.13) wa(8) — w(t) as # — o, uniformly for0 £ ¢ < b

(for example, w,(¢) =f.(e¥), 0=5¢t=<2w). Then it is clear that conditions (i)
and (iii) are satisfied. To prove (ii) we must show that for every ¢>0 there
exists a 8o >0 such that

7(8) < ¢ fO0<é=dforallz=0,1,2,---.

Suppose this were not true. Then there would exist an ¢, >0 and, for every
k=1,2, - - ., acurve B, of the sequence with the following property: there
is a cross-cut ¢, of R,, (of the interiors of B,,), whose diameter is less than
1/k, such that the subregion T, of R,, formed by ¢,, and B., which does not
contain the origin has the diameter

(4.14) Am = &

(%) A somewhat more general sufficient condition for (4.12) is obtained if the hypothesis
(ii) is replaced by the following two assumptions: lims.e 76(8) =0 and lim supn.. 7.(3) £7(3)
where lims.o 7(8) =0.
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Suppose that the end points of c,, have the parameter values #; and ¢/, re-
spectively, 0 <1, <! <b. We may assume that

limt, =7, and lim¢ =7 0=r=75Y)
k— o koo
exist. Hence
lim w,,(t) = wo(r), lim w,,(t5) = wo(r).
k> k—

Since the diameter of c,, is less than 1/k and thus approaches 0 as k—x,
we have w,(7) =w,(r"), hence, 7 =7’ or 7’ =7+b, thatis, 7 =0, 7" =b. By chang-
ing the origin of the ¢-scale we can avoid the second possibility. Because of
(4.13), the arcs yi: w=w,,(£), by St <t/ , will lie in any given neighborhood of
wo(7) for sufficiently large k; the same is true of the arcs ¢., and hence also
of the subregions of R,, formed by ¢,, and 7v,,. For sufficiently large &, these
subregions will zot contain the origin, and hence will be the T,,. Thus the
diameter of T,,, A,,—0 as k— o, contrary to (4.14).

Some of the known theorems on the convergence of the mapping func-
tions of variable regions bounded by Jordan curves are easily derived from
our corollary. We indicate this for T. Radé’s theorem [13](*¢), which states
that a necessary and sufficient condition for (4.12) is that the Frechet distance
d. between the boundary curves B, and B, approach 0 as n— . We need to
show only the sufficiency. The assumption that lim,.. d,=0 implies the
existence of parametric representations w,(¢) of B, such that (4.13) holds, and
we have just shown that (4.13) implies the conditions (i), (ii), and (iii).

Next we state a result concerning a more restricted class of regions, for
which we obtain a sharper estimate than (4.11).

THEOREM VI. Suppose R, and R, are regions which satisfy the hypotheses of
Theorem V. Suppose, furthermore, that the structure moduli of their boundaries
B, B; satisfy the inequalities

71(6) < k6 + 11, 72(8) = «8 + n2, 8 = 8,

for some 8y, where k, n, ,and 1, are constants, k>0, 11 20, 112 =0. If fi(2) and fi(2)
are defined as in Theorem V, then for lzl <1:

2
@19 A6 - 0| s K(amlog ) K+, a= o

where K and K, are constants; K depends only on 8, k, the larger of the di-
ameters of By and B,, and the minimal distance o of O from B, and B:; K, de-
pends only on a.

The proofs of Theorems V and VI will be given in sections 4.3 and 4.4;

(%) Other examples are a theorem of Courant and a theorem of Markoushevitch, both of
which—as is shown by Markoushevitch [11, pp. 874-875]—are equivalent to Rad6’s result.
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section 4.2 contains lemmas used in this proof.
4.2. Two lemmas. We shall use the following lemma which is an immedi-
ate consequence of a lemma due to G. Szegé [14, p. 191, (11) ](¥7).

LEMMA 5. Suppose that the function z=¢(w) maps the simply connected
region R conformally onto the circle Iz[ <1 so that $(0)=0. If w is a point in
R whose distance from the boundary of R is less than e, then

1—|o(w)| = 4]0 )17
that is, the image ¢(w) lies in the ring
1 — 4(e[¢’(O) )2 = | 2] < 1.

The following lemma has possibly some interest beyond its immediate use
in the proofs of this section.

LEMMA 6. Suppose R and T are two simply connected bounded regions; T 1s
contained in R and contains the origin O. Let o be the distance of O from the
boundary B of R and let every boundary point of T be within distance ¢ from B,
where € <o /64. Suppose that w=f(z) and w=g(z) map I z| <1 conformally onto
R and T, respectively, so that f(0) =g(0) =0 and f'(0) >0, g’(0) >0. Then for all
|2] <p, 1/2<p<1:

(4.21) | fG) —gG)]| < 4e<%)1/2<1 +%log 14 p)w(Z(l —0))

1—0p 1—op
where w(r) s the oscillation of f(2) at the boundary.

Proof. Let ¢(w) denote the inverse function of f(z). Since R contains the
circle |w| <o, we have

(4.22) 0<¢'(0) =1/0.

The function { =¢(w) carries T into a subregion H of |§" <1 which contains
0, and, by Lemma 5 and (4.22), the boundary of H lies in the ring

1/2
(4.23) 1—4(—:—) <|¢] <.

Let ¢ =A(2) map ]z| <1 conformally onto H such that £(0) =0, 2’(0) > 0.
We apply Lemma 3 to k(2) (since 4(¢/c)V/2<1/2 we notice that 1 —4(e/c)V/?
>1/(14+8(e/a)''?) and we may replace the ¢ of Lemma 3 by 8(¢/o)¥2). Thus
we find: '

(4.24) |h(z)—z[§8e<—e—>”2(1+ilogi+p>, |2] < p.

(1) The main content of this lemma follows from Theorem III, but it has the advantage
that the factor of ¢/? is given numerically.
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Now we have g(z) =f(k(2)) and therefore, for Izl =p<1

(4.25) f2) — 2(z) = f(z) — f(h(a)) = f(©)ds,

k(z)
the integration being taken along the straight line segment s from 4(z) to 2.
Since, by the lemma of Schwarz, |k(z)| <|z|, s lies in the circle |z| Zp.
Hence

max | f/(¢)| £ max | f'(0)| = | fG0) |
tEs I$1 e

for some {; with H‘l[ =p. Letr=1—p. Then

WU@WéLZLWﬂg+MMmm&

and the last integral represents the area of the image of the circle |z—¢ 1[ <r
under the transformation w=f(z). If {1 =pe®:, then this circle is contained in
the region A: {|z—e#| <2r, | 2] <1}, and the double integral is smaller than
the area of the image of A. Since the diameter of this image does not exceed
w(2r), we obtain finally

ol o . Tw?(2r)
art| fi(¢) P = 2
or
, w(2(1 ~p))
(4.26) “m”§73?§‘

If we note from (4.25) that

[ f&) — g@) | | h(z) —=2]| G0,

we find (4.21) from (4.24) and (4.26).

REMARK. Suppose R and T are two regions as in Lemma 6: T is contained
in R and contains the origin O, and every boundary point of T is within a
distance of € from the boundary B of R. Suppose that any function z=¢(w)
which maps R onto | z[ <1 such that ¢(0) =0 satisfies the following condition:
If wis a point in R, w, a point on B nearest to R, then

(4.27) 1—|¢(w)| = K|w—wl|”

where K and v are constants, 0<y =1. If f(2) and g(z) are defined as in the
lemma, and if 2Kev <1, then for Iz} <p 1/2<p<1,

1+ p> @(2(1 —p))

1—0p

2
| 1) — g(a)| = K<1 + = log L=
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For’the condition (4.27) implies that { =¢(w) carries T into a region H
whose boundary lies in the ring

(4.28) 1—-Ker 2 |¢] <1,

and if this inequality is used in place of (4.23), the proof of this remark is
merely a repetition of that of Lemma 6.

4.3. Proof of V. Let T be the largest subregion of the intersection of R;
and R, which contains the origin O; T is simply connected and every bound-
ary point of T is within distance e from the boundary of R; and of R,. Let
w=g(z), normalized by the condition g(0) =0, g’(0) >0, map the circle | zl <1
conformally onto T". Then by Lemma 6, for IZ1| =p, 1/2<p<]1,

(4.31) | falz) — g(a) | < 4e <-:_)”2 (1 + —72.-_ log 1+ p) w:(2(1 — p))

1—p 1—»p

(k=1,2)

where w;(r) denotes the boundary oscillation of fx(z).
Let 2; be a fixed point, |2| =p, and let z be such that p<|z| <1, arg z
=arg 2. Then, by Theorem I, for r=1—p,

2rAy 1/2
(4.32) |fk(z>—fk<zl>lgwko)gnk((m) ) (k=1,2).

Now

[ /1(z) = foi®) | £ | fl®) = fuler) | + | fr(zr) — gz1) |
+| g(z1) — fale) | + | falz)) — fa(3) |

By choosing r=1—p=¢€'4/2 and using the estimates (4.31) and (4.32), we
obtain easily the desired inequality (4.11) forallzinp = , z] < 1. By the prin-
ciple of the maximum modulus it holds then also for all | 3| <p.

4.4. Proof of VI. This proof differs from the preceding one only insofar
as Theorem II will be used in order to estimate wi(r) and the relation be-
tween r =1—p and e will be changed. If g(z) has the same meaning as in §4.3
we obtain from (4.31) and Theorem II, applied with u=1: For |zl| <p

(4.33)

1/2 2 2\ 1
| fules) — g(a) | < 8e (—) (1 + 2 g —)— (m@n)e+ 3m), E=1,2
i T r /] 2r

where m is a constant which depends only on &, &, and the larger of the di-
ameters of B; and Bs. We choose now 2r =¢€Y/2 log (4/€¢) >e. Then a short
calculation yields the inequality:

(4.41) [0 = 0| 5 e[ m (2 1og ) 3me .

€
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Let z be a point in p<|z| <1 such that arg z=arg 2. Then, again by
Theorem 11,

(4.42) | 71(2) = fu(z) , SEmre+ 3 = %(e”"’ log -f—) + 3.

Using (4.33) in conjunction with (4.41) and (4.42) we obtain the desired
inequality (4.15) with K =2m(1+14e/aV?), K;=3(1+14e/aV'%). It holds for
| 2| Zp, and hence by the principle of the maximum modulus for all |z| <p.

5. Arbitrary regions: inverse mapping function. We consider now the
analogous problem for the inverse function. As is to be expected the result
obtained is sharper than the one for the direct mapping function.

TrEOREM VII. Suppose that R and S are two simply connected bounded
regions such that SCR and w=0 lies in S. Let n(8) denote the structure modulus
of the boundary B, of S and o the distance of O from B,. If B is the boundary of
R, suppose that Dy(B, B,) <e, 0<e<1, e<0/64.

Let z=¢(w) and z=y(w), normalized by the condition ¢(0)=y(0)=0,
¢'(0)>0,¢'(0) >0 map R and S conformally onto | z[ <1,

(a) If n(8) <8, then for wES:

2
(5.1) | () — ¥(w)| < Ke log —

where K is a constant which depends only on «, o, and the diameter of R.
(b) In the general case, for wE S,

(5.2) | $(w) — ¥(w) | S L(n(e/5)1?
where L is a constant which depends only on o and the diameter of R.

Proof. (i) Let C,, denote the level curve N(w)l =pg <1 of S where D(Cp,,
B) <e. Let w, be a point on C,,, 20 =y¥(wp) =pee™. Let 2, =p,e®, 0 <p; <po<1.
If z=y¢(w,), then

(5.3) l‘/’('wo) - '/’(wl)l =p—mn<1-—-p.

Since 2, and z lie in the region {|z—e"| <1—p,, |3| <1} it follows that
w, and w, are within a subregion T of S which does not contain O and whose
diameter is not greater than »,, where in case (a), by Theorem II,

2
m = m(l — p1)?, <a= 22)

K

and in case (b), by Theorem I,

9 = (Gari) )

Here m is a constant which depends only on x and the diameter D(!%) of
R, A is the area of S. Let w, be a point on B at a distance not greater than e
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from w,. We assume here at first that #;+e<o. Then there exists a subarc
of the circle l'w—'w2l =m-+e¢, which forms a cross-cut ¢ of R and separates
wy and w, from w=0. By Theorem III we have, therefore:

(5.5) | 6(wo) — $(w) | < M(e + ni)? (M = M(s, D)).

(i1) The function { =¢(w) carries S into a subregion H of the unit circle
which contains the origin. From Lemma 5 and the fact that ¢’(0) £1/¢ we
infer that the boundary of H is contained in the ring

€ 1/2
1—4(-) <t <t
g

Let {=h(z) map lz[ <1 conformally onto H so that 2(0) =0 and 2’(0)>0.
Then by Lemma 3 (applied with the € of the lemma replaced by 8(¢/s)V/2)

172 21
Izl—h(z1)|§8e<%) (1+—1og1+"‘>, | 2] = pr.
T

= p1

It is easily seen that ¢ (w1) =h(z,). Hence

€ \1/? 2 1+ m
(5.6 [¥w) = g@)| = | s — ha)| 5 8"(7) (1+71°g 1= 2)

(iii) Now the proof is easily completed. Using the inequality

| #(wo) — ¥(wo) | < | d(wo) — ¢(wr) | + | $(w1) — Y(wy) |
+ I Y(wi) — ¥ (wo) |
¢ obtain from (5.5), (5.3), and (5.6)

l #(wo) — ¥(wo) I

12 2 1
5.7) < Me+ )" + (1 — 1) + 8e(f—) (1 + 2 1og F ”‘).
4 ™ !

In the case (a) we choose m(1 —p;)*=¢, so that 7,+€e=2¢<os, and a simple
estimate leads to (5.1) for w&Cpo. In case (b) we choose p;, so that
27rA/| log (1 --pl)l =¢% for some 3>0. Then the right-hand side of (5.7) does
not exceed

e €2

L, Ly
+ /%8 < M(2p(B))12 4 4 /2%

2rA ol/? 27202 ol/2

M(e + n(f))M/? +

where L, depends only on the diameter of R. Here we take 8=1/5 and obtain
(5.2) for w& C,,, provided e+17(e'/5) <o. But if e+7(e'/5) =0, then

(*8) By Theorem II, m depends on the diameter D, of S, but since D, £D, the value of m
is not decreased if D, is replaced by D.
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4 4
| () — ¥(w) | S —n(e@) £ — DUa(em)

Since C,, may be taken so that p,is arbitrarily close to 1, the theorem holds
for all we& S, by the principle of the maximum modulus.

6. Regions with smooth boundaries. The estimate for degree of proximity
of the mapping functions of two neighboring regions may be sharpened con-
siderably if the boundaries of these regions are Jordan curves possessing con-
tinuously turning tangents.

TrHEOREM VIII. Suppose that Cy and C. are closed Jordan curves which con-
tain the origin in their inieriors and satisfy the hypotheses:

(@) Ci (=1, 2) has continuously turning tangents, and the tangent angle
ai(s), considered as function of the arc length, has the modulus of continuity
B(¢), that s,

[an(s £ ) — au(s) | < B, t>0,

where B(8) is nondecreasing and lim;.o B(£) =0.

(b) If w, and w, are points on Cr and As is the (shorter) arc of Cy between
them, then there exists a constant a such that As/ ] wl—wgl <a.

(c) The diameter of Ci does not exceed D and the distance of O from C, and
Ca is at least o.

(d) Di(Ci, Co) <e for somee, 0<e<1.

If w=fi(3) maps the circle Iz] <1 conformally onto the interior R; of Ci
and if f,(0)=0, f2(0) >0, then there exists for every 8, 0 <8<1, a constant M;
which depends only on 8, a, o, D, and the function B(t)—and in no other way
upon C, and Cy—such that for |z <1

(6.1) | f1(2) — fo(a) | < My,

Proof. Under the present assumptions on C; there exists for every 6,
0<#<1,a B, which depends only on 8, a,c, D, and the function 8(¢), such that
for | 20| =1, |2] =1(29),

1
(6.2) —B—Iz — 20| < | fule) — fulzo) | < B|z — 20 '

Let z=¢x(w) be the inverse of w=f(2), Then, for any w in Ri, w, on Cy
(6.3) 1-— l ¢(.w)| < l ¢(wo) — ¢(w)l < BII w — w0|1/(1+0) (B’ = BUa+0),

Now let T be the largest subregion of R, -R: which contains O. T is
simply connected and every boundary point of T is within distance e from
Cy and C.. Let w=g(2), g(0)=0, ¢’(0) >0, map ]z[ <1 conformally onto T.

(%) These inequalities are well known, see for example [8, p. 1408]. In [15] it is shown
that B depends only on the parameters indicated. Cf. also [6, p. 35 (VIID].
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We assume at first that 2B’e¢/0+® <1, Then by the remark following
Lemma 6, we have, because of (6.3), for lzll =p, 1/2<p<]1,

1+ P1>°~’(2(1 — p1)) )
1—p

2
Ifk(zl) — g(z1) l < B/t (1 + —log
T 1—pm

By the right-hand inequality of (6.2), w(r) £2Br'~f and therefore:

1+P1
- p1

66 i) = glo0 | 5 dereen (14 Z1og TEE) 1 —

where 4 =4BB’e. We choose now 1 —p; =¢. Then we note first that
2¢°

6

14 p:

2 e e
14+ —log <210g—=2e"<e" log — ) =
™ € €

1—p1
Thus we obtain from (6.4)

24 .
6.5) | fue) = gler) | & —— camwomraen,

Let | 2| =1, arg zo=arg z.. Then by (6.2)
(6.6) | fu(@o) — fu(z1) | < B(1 — p1)=* = Bet.

Given 6, choose @ so small that (1 —20—2602)/(1+8) =6. Then using (4.33)
and applying (6.5) and (6.6), we obtain the desired result (6.1) for the case
that 2B’eV0+0 <1, If €= (2B’)~0+9, then we have trivially for |z| 1

|file) — fulz)| = [2D2B)+*]e.
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