ON THE SCHWARZ-CHRISTOFFEL TRANSFORMATION
AND p-VALENT FUNCTIONS

BY
A. W. GOODMAN

1. Introduction. It is well known(?) that the function
(1.1) w = fl(Z) = €1 H (1 - Zit)_7idt + Ca
0 =1

subject to the conditions

(1.2) l2;] =1, i=1,2---,m,
(1.3) 2ovi=2,

j=1
(1'4) 0<77§27 j=112""1m’

maps the open unit circle Iz[ <1 (hereafter denoted by E) onto P the interior
of an m-sided convex polygon. The vertices of the polygon are w;=f,(3;) and
the exterior angle(?) at the vertex w; is y,m. Conversely if P is given, then z,
%3, * * *, Zm, €1, and ¢z can be determined such that (1.1) maps E onto P, and
moreover the origin can be carried into any preassigned point of P and the
value of arg f’(0) can be arbitrarily preassigned. The equation (1.1) subject to
the conditions (1.2) and (1.3) is one form of the Schwarz-Christoffel trans-
formation(3).

Schwarz(%) stated that the formula (1.1) is easily generalized to the case
where P is a multi-sheeted domain bounded by straight lines and containing
branch points, and Christoffel(®) considered this generalization in some detail.

Study(®), Loewner(”), Gronwall(®), Bieberbach(®), Paatero(**), and

Presented to the Society, December 30, 1948; received by the editors March 31, 1949,

(*) Churchill, Introduction to complex variables and applications, New York, McGraw-Hill,
1948,

(® If 1=+;=<2, then w; = «. There is no difficulty in extending the concept of an exterior
angle to this case. The region P is unbounded but still convex.

(*) The Schwarz-Christoffel transformation is usually given as a function which maps the
upper half-plane onto the interior of a polygon. It is easy to obtain (1.1) from the standard
form as indicated in §2.

(1) Ueber einige Abbildungsaufgaben, J. Reine Angew. Math. vol. 70 (1869) pp. 105-120, or
Mathematische Abhandlungen, vol. 2, pp. 65-83, in particular p. 77.

(5) Ueber die Abbildung einer n-blatirigen einfach Zusammenhingender ebenen Fliche auf
einen Kreise, Gottingen Nachrichten, 1870, pp. 359-369.

(6) Vorlesungen diber ausgewihlten Gegenstinde der Geometrie, vol. 2, Leipzig, Teubner,
1913.

(") Untersuchungen diber die Verzerrung bei konformen Abbildungen des Einheitskreises
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THE SCHWARZ-CHRISTOFFEL TRANSFORMATION 205

Robertson (1) have used the Schwarz-Christoffel transformation as a starting
point for the derivation of properties of univalent functions. As far as I have
been able to discover, it was Robertson who first pointed out that equation
(1.1) leads to a very simple proof that |b,| <n|b1| for the coefficients of a
univalent function in the special case that the image of E is starllke with
respect to the origin.

By using Robertson’s methods together with a generalization of (1.1)
we are able to prove a number of theorems about certain subclasses of the
class of p-valent functions.

As a by-product, we obtain two more proofs that

(1.5) > =

and we prove the arithmetic identities

0 1 © 1
1.6 D = _— =2 —— Homos,
(1-9) §(2m—1)3 Eg(zm—nz B
o 1 2 0
1.7 E = = — s
a7 g’(z )? 5z, (2m)2 Han-s
0 1 [ 1
(1.8) F'=Z— Z—;Hm_l,
m=1m m=2 M
where
1 1 1
(1.9) Hm=1+——+—+...+_.
2 3 m

2. The generalized Schwarz-Christoffel transformation. The material of
this paragraph is either contained or implied in the works of Schwarz and
Christoffel. It is included here for completeness. Let

(2.1 g = IT (s — 17, << <t

Izl <1, die durch Funktionen mit nicht verschwindender Ableitung geliefert werden, Berichte der
Gesellschaft die Wissenschaften zu Leipzig vol. 69 (1917) pp. 89-106.

(8) Sur la déformation dans la représentation conforme, C. R. Acad. Sci. Paris vol. 162 (1916)
pp. 249-252.

(°) Aufstellung und Beweis des Drehungssatzes fiir schlichte konforme Abbildungen, Math.
Zeit. vol. 4 (1919) pp. 295-305.

(19) Uber die conforme Abbildung von Gebieten deren Rinder von beschrinkter Drehung sind,
Annales Academiae Scientiarum Fennicae, ser. A vol. 33 (1931) pp. 1-78.

(1) On the theory of univalent functions, Ann. of Math. vol. 37 (1936) pp. 374-408, in par-
ticular p. 380.

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



206 A. W. GOODMAN [March

(2.2 ww) =TT (o5 — 0@ — w), () > 0,
(2.3) w = foz) = ¢3 f.zg(u)h(u)du + ¢4,

where the path of integration is subject to the restrictions J(u) =0, u#u,,
j=1,2,---,m When J(u)=0, arg g(u) is constant and k(x) >0. So fu(2)
maps each segment u <wy, #; <# <w;y1, %, <u, onto some straight line seg-
ment. These image segments may be half-rays extending to infinity, or may be
full lines. The function fo(2) is regular in §(2) >0, and has critical points at
z=a;. Thus f2(z) maps J(2) >0 onto a multi-sheeted region whose boundary
consists only of straight line segments, half-rays, and full lines. We shall refer
to such regions as multi-sheeted polygons. The function fz(z) will be regular
and univalent in a neighborhood of infinity if we require that

(2.4) z; vi = 2p.
=
Conversely (1), if P is any multi-sheeted polygon subject only to the con-
dition that there exists a function f(z) mapping &(z) >0 onto P, regular for
&(z) >0, and regular and univalent in a neighborhood of infinity, then f(2)
has the form (2.3) and (2.4) is satisfied (*3).
The substitution #=¢(1 —#)/(1+1¢) in the integral (2.3) gives

2.5 w=f@) =c [ 110 —z0)IL ¢ — B — Bii)dt + ca

0 F=1 =1
where
(2.6) | z;] = 1, ziHEa if jHEELE=1,2--,m
2.7 | 8;] <1, j=1,2,-+,p—1.

Since u=1(1—¢t)/(14+¢) maps E onto the half-plane {(u) >0, w=f(2) maps
E onto a multi-sheeted polygon P. The vertices of P are w;=f(2;) and the
exterior angle at w; is y;x. P has branch points at w# =f(8;), and the number
of sheets tied at w} is just one more than the number of times (¢ —§;) occurs
as a factor in the integrand of (2.5). Again if P is any multi-sheeted polygon
subject only to the condition that there exists a function f(z), regular in E
and mapping E onto P, then f(z) has the form (2.5) and (2.4) is satisfied.

(12) We omit the proof of this. It is an elementary generalization of the proof in the plane
case. See Julia, Lecons sur la représentation conforme des aires simplement connexes, Gauthier-
Villars, 1931, pp. 67-71.

(%) A still more general form of the Schwarz-Christoffel transformation was obtained inde-
pendently by D. Gilbarg, 4 generalization of the Schwarz-Christoffel transformation, Proc. Nat.
Acad. Sci. U.S.A. vol. 35 (1949) pp. 609—-612.
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3. Some examples. The function

:(t—a)(1 — at)
3-1) 1 1422 142
=Z{(1+a2)log 1_22—2alog1_z}

maps E onto the two-sheeted region comprised of the two infinite strips
]S(w)l <w(1—a)?/8 and IS('w)I <w(14a)?/8. It is perhaps interesting to
observe the limit case ¢=1. One of the strips disappears and the limit
function maps E onto the infinite strip IS‘(w)I <w/2, slit along the real
axis from — « to —27! log 2, the latter being the limit point of the branch
point f(a) of (3.1) as a—1.

Similarly the function

: (t—a){l — at
'w=f f-al-a , (—1<a<i)
(3.2) ’ L+
’ i{21/2l 14 42125 — 32 St 1—iz2}
=-—<a og——————— a?) lo
4 & 1 — 4212 — 32 & 1+ 432

maps E onto a region which consists of the two infinite strips —7(14a?)/8
<R(w) <wr(1+2¥%a+a?)/8and —7(1+a?)/8<R(w) <wr(1—2%%a+a?)/8. The
symmetrical position of the two strips in the first example is lacking in the
second example.

As a third example, the function

. f ¢ - - at-na -5
1

—-1<ab<1
s ( )

3

142 1+ 2
(3.3) =-—{(1+a2+b2+ab+a"’bz) log + 3ab log
6 1 -3 1—3
+<+wa+w11_w+ﬂ
a ab) log —————
& 14 224 24

maps E onto a region comprised of the three infinite strips

szﬂ<§a+@m+wa
| §) | < = {0 + 0901 + 59 = 2ad),

MWH<Eu—@m—w%
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A slightly different example is the function
z t 1 1
(3.4) 'w=f b gttt
o (1= 0)(1+ )3 8 °1—2z 4(1+2)?
which maps E onto the region formed by the two half-planes J(w) > —7/16

and 3(w) <w/16 joined at the branch point w=0. These two half-planes over-
lap to cover doubly the strip about the real axis of width 7/8, the rest of the

Fi6. 1

plane being covered once. One should note that (3.4) is obtained by adding
two functions, one of which maps E onto a strip and the other maps E onto
a slit plane.

Finally we observe that the function

1

'w=f(z) =f0 m—dl

2P © zmn+p m—1 ZP
LS S i, (2
b4 - mz=:1 m!(mn + p) kI=IO(n

maps E onto a regular p-sheeted n-gon. The case n=12, p=5 is shown in
Fig. 1. The number placed by the vertex denotes the sheet in which that
vertex lies, when the positive real axis is taken as the tie-line. Of course these
numbers are not uniquely determined.

4. The arithmetic identities. For the example function (3.5}, it is easy to
see, either directly from the integral, or by a consideration of the symmetry
of the image region, that f(e?*/*) is a point bisecting the line segment joining

fQ1) and f(e?™'"). So
.1 | feimim) | = f(1) cos (pr/n),
for all positive integers p and # such that 0<2p/n <1.

3.5
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If we use the infinite series form of the function, multiply by p, and intro-
duce the new variable { =2p/n,
0 (__ )mg- m—1
142 ——— Il ¢+ 5

4.2) w1 MmI(2m 4 §) ko

—~cos(fw/2){1-+-§: — L _Te+ )}
m=1 mI(2m 4 §) ko

Each side is an analytic function of {, for a sufficiently restricted {, and since

the two functions coincide on the everywhere dense set of rationls 0<¢

=2p/n<1, (4.2) is an identity in { and we may equate coefficients of like

powers of { in the power series expansion. For {2 this gives

(#-3) E@wHV

from which, by a well known trick, one can obtain (1.5). Equating coefficients
of {3 gives (1.6). Other identities can be obtained by using the coefficients
of higher powers of {, but these appear to be quite complicated and of little
interest.

By dissecting the regular p-sheeted n-gon into 2 triangles, it is easy to
see that the area of that figure is

(4.9 4 = nf(1) | f(ei*/™) | sin (pr/n).

On the other hand, by a well known formula(*) for the area of the image of E,
applied to (3.5), we have

.9 d=rEmlanl = ol 4 5 e BTG+

If we equate (4.4) and (4.5), multiply by 2p%/%, and introduce the new
variable {, we find

3-2 m—1 R
{r+ 2 Gt L6+ 0

. g— m—1
(4.6) = 2 sin (;‘7r/2){l + ,,.z=:1 amrom kI=IO ¢+ k)}

2 (=hm
_— k
{1+ Z G L6+ B}

Again we have coincidence of two analytic functions of { for an every-
where dense set of rational {, in the interval 0 <{ <1, and hence (4.6) is an
identity. If we equate coefficients of {3 in the power series expansions of (4.6)
we have

(1) Pélya-Szegs, Aufgaben und Lehrsitze, vol. 1, New York, Dover, 1945, p. 109.
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s o 1
4.7 I :
(4.7) 12 "2 (2m)?

and hence (1.5). If we equate coefficients of {4, we obtain (1.7). Finally we can
combine (4.1) and (4.4) to obtain

(4.8) A = n{f(1)}2 cos (pn/n) sin (pw/n) = 2-n{f(1)}? sin (2px/n).
This together with (4.5) yields

) g-z m—1
T DS k)?
wo {HE rreymneg § Sy )}

o0 g— m—1
=sinfr<l 4+ 2, ——[] ¢+ k)}2,
{ Ex (2m + )m! kI=Io
once more an identity in {. Equating coefficients of {*, we obtain (1.8).
The three equations (1.6), (1.7), and (1.8) are certainly not independent.
For if we replace the multipliers 2, 2/9, and 1 by unknowns, d, e, and f, it
is easy to see that

010 yoE_F
d e I

and since E'=F'/8 and D' =7F'/8,

(4.11) AL
d e I

Thus any two of the three equations (1.6), (1.7), and (1.8) would imply the

third.

5. The two subclasses of p-valent functions. We generalize the idea of a
convex region to include certain p-sheeted regions in the following way. Let
wy be a boundary point of a p-sheeted region R and let wy(r) be the subregion
of R consisting of those points w of R in the same sheet with w, and satisfying
the inequality |w-—‘w¢,| <r. If for every boundary point w, of R there is an
#>0 such that ws(r) is convex, then R is said to be a locally convex region.

Now if f(2) is regular in E and if f'(re®) %0, it will map [z[ <r<1onto a
region R(r) whose boundary f(re®) is an analytic curve with a continuously
turning tangent. Let ¢ be the angle of intersection of this tangent with the
real axis. The angle ¥ is not uniquely determined as a function of 8, but will
be so if we fix on one of the possible values of ¥ when 8§ =0, and determine
Y (@) for 0 <6 <2r by continuity. Then ¢’(6) 20 if and only if R(7) is a locally
convex region. It is well known (') that ¢'(6) =1+R(zf"'(2)/f'(2)).

(1) Montel, Lecons sur les fonctions univalentes ou multivalentes, Gauthier-Villars, 1933, pp.
11-14.
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DeriniTION. The function f(2) is said to be an element of the class C(p),
P a positive integer, if it is regular in E, if f(0) =0, and if there is a p <1 such
that for all # in the interval p<r<1

(5.1) G(r,6) =1+ ER(re“’ f”(rew)) >0 0<6=2n
' f'(re®) ’ -

and

(5.2) f hG(r, 0)do = 2xp.

If f(z) €EC(p), it maps | zl <r <1 onto a locally convex region. Furthermore
f'(2) has exactly p—1 roots in the circle |z] <r, multiple roots being counted
in accordance with their multiplicities. For if » is the number of these roots,

2rp = 2;;(’3 0)dd = R 0 (1 + Z]]:;S))do

1 rn
7@ dz = 27 + 27v.

2r 4+ R ; 6
Finally f(2) is at most p-valent in E. For the contour integral which gives the
number of roots of f(z) —c¢is just the variation of arg (f(2z) —c¢) along the con-
tour, divided by 27. But the bounding curve of R(r) for a function of class
C(p) is a curve which turns continuously in a counterclockwise manner as
6 runs from 0 to 2w, and the total number of complete turns is exactly p.
Thus the variation in arg (f(2) —¢) cannot exceed 2wp. It is obvious that
f(@) €C(p) may be divalent.

To generalize the concept of a plane region starlike with respect to a point,
to include certain p-sheeted regions, we consider the line joining a boundary
point w, with the given point. If as w, describes the boundary of R, the line
turns continuously in a counterclockwise direction (or continuously in a
clockwise direction) then R is said to be starlike with respect to the given
point('%).

Now let F(z) be regular in E and F(re®) #0 for p <r <1. If ¢ =arg F(re?),
¢ is not uniquely determined as a function of 8, but will be so if we fix on one
of the possible values of ¢ when =0, and determine ¢(f) for 0<0<2w by
continuity. Then ¢’(8) >0 if and only if R(7) is starlike with respect to the
origin. It is well known(*%) that ¢'(6) =R(2F'(3)/ F(2)).

(1) This concept of a generalized starlike function has been used previously by the follow-
ing authors: Obrechkofi, Bull. Sci. Math. (2) vol. 60 (1935) pp. 36—42; Ozaki, Science Reports
of the Tokyo Bunrika Daigaku Section A, 2 No. 32 and 36 (1936) and 4 No. 77 (1941); Robert-
son, Ann. of Math. vol. 38 (1937) pp. 770-783 and vol. 42 (1941) pp. 829-838, Duke Math. ]J.
vol. 12 (1945) pp. 669-684; Biernacki, Mathematica Timisoara vol. 23 (1949) pp. 54-59.
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DEeriNiTION. The function F(2) is said to be an element of the class S(p),
p a positive integer, if it is regular in E, if F(0) =0, and if there is a p such
that for all 7 in the interval p<r <1

H(r, 0) = %(rewp'(nw)> 0 0<6=<2
(5'3) (f, = F(re“’) ’ = = 47,
and
2x
(5.4) f H(r, 6)d8 = 2xp.
0

If F(z)€S(p), it maps Iz[ <r <1 onto a region starlike with respect to the
origin. Just as (5.2) implied that f’(z) had p —1 roots in E, the condition (5.4)
implies that F(z) has p roots in E. To see that F(2) is not more than p-valent
in E consider 8(A) =A arg (F(re®)—Ac), where A denotes the change as 6
runs from 0 to 2. Let ¢ be fixed and let A vary from 0 to 1. We already have
8(0) =2mp. But 6(\) is always an integer multiple of 27, and is a continuous
function of X except when A¢ =wu, a boundary point of the image of Izl <r. At
such points 8(A) jumps +2x. By (5.3) and (5.4) there are exactly p such
boundary points for every ¢. Finally we remark that for |cl sufficiently large,
8(1) =0, so that the jumps in §(A\) must be —2x and 0=86(\) <2xp for all A
and c.

For p=1, C(p) and S(p) are the classical univalent functions, convex and
starlike respectively, and S(1)DC(1). It is worth noting that for p=2,

SH)DC(®).

LeMMA 1(17). Let ¢#0 be an arbitrary constant. If f(3) &C(p), then F (3)
=caf' () ES(p), and conversely if F(z) CS(p), then f(3) €C(p), where

= F(¢
(5.5) f(z) = cj; —E)—dt.

Proof. For f(z) and F(z) related as indicated,
PO _ d@tare 1

5.6 3z =gz 72— ,
(5.6) F(z) czf'(2) f(z)
so that (5.3) implies (5.1) and (5.4) implies (5.2), and conversely.

LemMa 2. Let f(2) =329+ - - -, with critical points B, B2, + + -, Bp—g5%0 in

E, be an element of C(p), and suppose further that f(z) is regular for ]z‘ =1.
There is a sequence of functions of the form

(") First proved in the univalent case by J. W. Alexander, Functions which map the interior
of the unit circle upon simple regions, Ann. of Math. vol. 17 (1915) pp. 12-22. See also Montel,

loc. cit.
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5.7) fu® = An [ [T - th)—wﬁ<1 - ﬁfm))u Y
0 i=1 F]

j=1
with |z;| =1, |B™| <1,0<y;<1 for j=1,2, - - -, m, and
(5.8) 2. vi =2,
j=1

such that, as m— o, B8, An—q, and fu(z)—f(s) uniformly for |z| <r<1.

The proof of this lemma is analogous to the one given by Robertson(*%)
and will be omitted. We can apply this lemma to functions of class C(p)
since if f(z) EC(p), then f(rz)/re will satisfy the conditions for the lemma for
every r, p<r <1. Finally in view of the convergence properties we may con-
sider not (5.7) but the simplified version

6.9 fa@=qf It - z]-o—w’ﬁ’(l - ﬂi) (1 = B)d.

0 =1 j=1 i

LeMMA 3. Let

ITQ—z0)7=1+ 2 can,

=1 n=1
where z; and +y; are subject to the conditions of Lemma 2. Then |ca|
= Criop—1,2p—1, With equality if and only if sy=29= + -+ =2p.

Proof. Clearly c.=cn(z1, 22, - - -, 2m) is @ homogeneous polynomial of nth
degree with positive coefficients. Hence a maximum occurs when all z; are
equal. The value of the maximum is easily obtained by setting all z;=1.
Thus Cry2p—1,25—1 is just the sum of the coefficients of the polynomial. To see
that this is the only case in which equality occurs, suppose without loss of
generality that z,=1 and sz, =e?1. Since c.(21, 22, * - -, 2m) contains the
terms 2} and z} "'z both with positive coefficients, it follows that in this case
ICn| < Crs2p—1,2p-1

THEOREM 1. Let f(2) EC(p), of the form

(5.10) f(z) = 22+ i A 1=sqg=7p,
neg+1

having p—q critical points B, Ba, + + -, Bp—g®0 in E. Then

(5.11) | fre®) | < fu(r), 0<sr<1,

and

(#8) Loc. cit. footnote 11, pp. 376-377.
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(5.12) | an| = 4., n=gqg+1,¢+2---,

where

fu(z) = Qf(lfb%;< +TéT>u+43AML

= g9+ Z Az,
n=q+1
The bounds (5.11) and (5.12) are sharp, since fu(3) EC(p). The extremal func-
tion fu(2) maps E onto a region Ry consisting of p—1 full planes and a half-
plane, R(w) <fu(—1) if p is odd, R(w) >fu(—1) if p is even.

Proof. The function f(2) may be approximated by a sequence of functions
of the form (5.9). Without loss of generality set 21=1. Then by Lemma 3,
the maximum coefficients in the power series for the first product in (5.9)
occur when z;=g= - .. =3z,=1. These coefficients are then positive, and
hence in combining the second product with the first, maximal coefficients
are obtained by replacing 8; by — |B,~| for j=1,2,-.., p—gq. Then (5.9)
becomes (5.13) and the inequality (5.12) is established. The inequality (5.11)
can be obtained by a similar argument, but it is simpler to observe that (5.11)
is a consequence of (5.12), since all the coefficients of fx(2) are positive.

Since G(1, 0) =0 for fu(z) and since further f(z) does not vanish on | z[ =1,
the boundary of R consists of a single straight line. The reality of the coeffi-
cients implies that the line is symmetric about the real axis, that is, orthogonal
to the real axis. Finally by noting that fi(—1) has the sign of (—1)?—1, the
position of the half-plane is easily determined.

(5.13)

THEOREM 2. Let F(2) ES(p) of the form (5.10) have p —q roots B4, B2, - - -,
Bp—#0 in E. Then

(5.14) | F(re®) | < Faulr), 0r<1,
and
(5.15) | an| < B, n=g+1,¢+2---,
where

29 P—q z ©
5.16) Fu(z) = ——— 1+——»1 ) =+ Bz,
(516 Fue) (1_2)2,,,1:11( o) ElBD =t 2 B

The bounds (5.14) and (5.13) are sharp, since Fyu(z) ES(p). The extremal func-
tion Fa(2z) maps E onto a region Ry consisting of p—1 full planes and one plane
with a single radial slit.
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Proof. The inequality (5.15) follows from (5.12) by applying Lemma 1
and Theorem 1 to the function F(z)=3zf'(z)/q, where f(2) satisfies the condi-
tions of Theorem 1. The inequality (5.14) is a consequence of (5.15). Since
H(1, 6) =0 for Fu(z) the boundary of Ry consists of radial lines. But the only
root of Fy,(z) on |z| =1 is the simple root at 2= —1, and the only singularity
is the pole at 2=+ 1. Hence the boundary of Ry consists of a single radial line.

There are some special cases of these two theorems which are worth men-
tioning. Let us suppose that instead of fixing IB,-[ for the critical points of
f(z) or the roots of F(z), we merely require that there is a p>0 such that |B,-l
2pforj=1,2, .-, p—gq. Thensince |E;+ﬁf1| = lﬁjl“*‘lﬁjl “1<p+p7l, it is
easy to see that the extremalizing functions of Theorems 1 and 2 must be
replaced by

z te—1 t\?P¢
6an g = o f e (14 2) A e

P

and
79 2\ P2
(518) FM(Z) = m(l + 7) (1 + pZ)p a,

with the same conclusions holding.
In the special case that ¢g=p, we have

z tp——l © P
(5.19) fu(z) = 1’fo T dt = E:p ~ Catp-1,2p-12"
and
zP d
(5.20) Fu(z) = ———— = 2 Cuip-1,2p-12%

(1 —z)» n=p
again with the same conclusions holding.

This last special case does not require the Schwarz-Christoffel trans-
formation for the proof. For any function F(z)=274+ .- . &S5(p) can be
expressed as {G(z) }”, where G(2) =z+ - - - €S(1), and since 3/(1 —2)? is the
extremalizing function for S(1), (5.20) follows. This bound |a,.| = Cryp—i1.2p1
was obtained previously by Robertson(*®) for a larger class of functions.

Each of the integrals (5.13), (5.17), and (5.19) may be expressed in terms
of a finite number of the elementary functions. However, the last one (5.19)
can be obtained in a simple way directly from the mapping properties of the
function.

(1%) A representation of all analytic functions in terms of functions with positive real parts, Ann,
of Math. vol. 38 (1937) pp. 770-783, in particular p. 778, inequality (5.8). See also Star center
points of multivalent functions, Duke Math. J. vol. 12 (1945) pp. 669-684, in particular p. 681,
inequality (6.9).
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For simplicity let p be odd and let s(2) be defined by the following prop-
erties. s(z) maps E onto a region .S consisting of p —1 full planes and a half-
plane R(w) > —1, all tied at w=0. Thus s(z) has a pth order root at z=0.
Let s9(0)>0. The function s(z) is now determined uniquely. The sym-
metry of S about the real axis shows that the interval —1<2<1 goes into a
real segment, and since p is odd and s’(2) #0 for 250, this segment is the half-
line —1<w<®, So z=1 is the only singularity of s(z) for [z| =1. By the
Schwarz reflection principle we can continue s(z) across the circle |z| =1.
The reflection of S across the line R(w) = —1 shows that s(z) maps [z| >1
on a region S* consisting of p—1 full planes and a half-plane R(w) < —1 all
tied at w= —2, the image of 2= «. Thus s(z2) is regular in the entire complex
plane with the exception of the point 2=1, and maps the plane on a region
consisting of 2p—1 sheets. Therefore s(z) is a rational function of degree
2p—1, and since s(2) takes every value 2p—1 times, 2=1 is a pole of order
2p—1 and

(lpr + ap+lzp+1 + PR + a2p_122?—1

(1 — g2t

(5.21) s(z) =

On the other hand, consideration of $* shows that s;(z) = —2 —s(1/2) also
maps |z| <1 onto S and takes —1<z<1 onto the half-line —1<w< .
Hence s(2) =s1(2) or s(2) +s(1/2) = — 2. Using this with (5.21) gives

. —‘221)2_:1 (—1)"C2,,_1,,,z"
(5.22) s(z) = T

But except for a magnification the image of E for s(2) is the same as that given
by (5.19). Therefore for p odd

2p—1

(— 1)p E (_ l)nc2p—l.nzn

n=p

C2p—1.p(1 e z)zp_l

z 14
(5.23) m®=pﬁ(uwwﬁ=

A similar argument can be given to show that (5.23) also holds for p even.

The form of the function (5.18) can also be obtained directly from the
mapping properties. For suppose s(2) maps E onto a region .S consisting of
p—1 full planes and a plane with a radial slit along the real axis. The z-plane
is rotated so that s(1) = «. The function is to have a gth order root at 2=0
(g=1) and a (p —¢q)th order root at 3= —p, 0 <p <1. Finally we may require
that s(9(0) >0, which because of the symmetry of S implies that the interval
0=2<1 goes into 0 Sw< . Reflection across the radial slit gives S* just a
duplication of S, and s(2) =s(1/2). Just as before s(2) is a rational function of
degree 2p, with a pole of order 2p at z=1 and a root of order p—gat —1/p. So
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(5.2) ) = ZEEEETL T

where #(z) is a polynomial of degree not greater than ¢. Using s(z) =s(1/2)
with (5.24) yields #(z) =1 and s(2) is identical with (5.18) when ¢=1. A
similar argument can be given to obtain (5.16).

THEOREM 3. Let F(2) ES(p) of the form (5.10) have p—q roots By, B, - -

Bp—q such that 0<|ﬁj| =p<1forj=1,2,---,p—q. Then for p<r=t
Foen| 2 - TL (1~ r |8 (-
F(re®)| = (t —7r|8; )(—— - 1)
(5.25) (1+ e "\ sl
‘ _ (L= pr)u(r/p — D)7
- 1+ )2
The bounds are sharp, the first equality occuring for the function (5.16) and the
second for the function (5.18) when z= —r.

Proof. We first note that for |B;| Sp<r=|z| =1, |(1-2/8,)(1—B3)]
=| (B;—2) (B —2)Bi/Bil = (*—|B;|)(| 85| —7), with equality if and only if
arg z=arg ;. Using Lemma 1 and Lemma 2 in an obvious fashion the theorem
follows at once.

COROLLARY. If F(g)=2P+ - - - &S(p), then
. r?
(5.26) | F(re?) | = T
and this inequality is sharp.

This can also be obtained directly from the theorem for univalent func-
tions.

THEOREM 4. Let f(z) =2+ - - - EC(p) have critical poinis By, B2, + - -, Bp
#0 in E. Let r, be the least positive root of

2 1 | 85 ]
5.21) 0=1-—7r|—— = Ji(r).
(5.27) r[1+r+,§[,3,-l—r+l—r[ﬁjl ho

Then f(rz)/r&C(1) for every r, 0=<r =r.. The function

z 1 p—1
(5.28) fM(z)=f0 mn<l—ﬁ)(l—tlﬂj])dt

i=1

shows that the upper bound r, cannot be increased.

Proof. Let {f»(2)} be a sequence of functions of the form (5.9) with qg=1
which converges to f(2). For each f.(2)
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2fm(z) m 225 =z B;
5.29 1 7 =1 i - — -
( ) +fm(z) +§17 1 — 2z; Eﬂj—z 1 — 28;
lFor [|z|}=r<1,$}t(zz,-/(1—-zz,~))_2_ —r/(1+r).For |z| <r <min {lﬂll, lﬁzl, <.,
ﬁp—l ’
o 5 ’ 2 B
R —1 = —
:éﬁi—z 1 — 28; J'=ZIB1’_Z 1 — 28;
=l r fI B,I
= + .
E el = T i=l8]
Therefore
(5.30) 1+ E)t(zfi"(z)) = Ji(r) 20
fm(2)

for 0< |3 <n..

THEOREM 5. Let F(z) =2+ - - - €S(p) have roots B, Ba, » + + , Bp—170 in
E. Let r, be defined as in Theorem 4. Then F(rz)/rES(1) for every r, 0SrSn.

Proof. Let f(2) be defined by (5.5). Then for each sequence { fn(2)} con-
verging to f(z), the sequence {F,,.(z) =zf,£.(z)} converges to F(z). Finally

Fu(@)\ f(@)
ER(Z F,,.(z)) =1+ ER(Z f,',.(z)_) 2Ji(r) 20

for 0= lz] =n.
Theorems 4 and 5 are special cases of Theorems 6 and 7 respectively. The
proofs are similar and so are omitted.

THEOREM 6. Let f(2) =29+ - « + EC(p) have critical points B1, B2, * - * , Bp—q
#0 in E. Let r, be the least positive root of
2p = 1 | 8]
(5.31) 0=q—r[—+2 + ]
147 i B8] —r 1—r]8i]
Then f(rz)/re EC(q) for every r in the interval 0=r <r,. The function (5.13)
shows that the upper bound r, cannot be increased.

THEOREM 7. Let F(2) =214 - - - ES(p) have roots B, Bs, + + * , Bp—e#0 in
E. Let rq be defined as in Theorem 6. Then F(rz)/r1ES(q) for every r, 0Sr=r,.
The function (5.16) shows that the upper bound r, cannot be increased.

= Ju ().

Since J,(r) is a decreasing function of |B,~| for r<|B,~] <1, we obtain
bounds for 7, by solving the cubic

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



1950] THE SCHWARZ-CHRISTOFFEL TRANSFORMATION 219

(5.32) 0—9_'[1"2%+(P—q)< 1r+1j,ry)]

for its least positive root. This gives

(1 4+ )2 — 29y — (1 + y)(p*(1 + 3)* — 4pgy)'/* ’

(5.33) oy =
2qy
sothat1f0<m<[ﬁ,l S M<1forj=1,2, -, p—gq, then
(5.3 = (m) < 7, S o(M).
. —— m <
?(1+m)2_p =P
6. The coeficient problem. It has recently(*’) been conjectured that if
(6.1) F(z) = 2. baz"
ne=l
is p-valent in E, then for n=p+1, p+2, - -
2k(n + $)!
6.2 |bsX | 8.
i1 (02— B)(p+ B)l(p — B)li(n — p — 1)!
For p=2, n=3, this gives the conjecture that
(6.3) | 53] < 5| 02| + 4| 5o

TuroREM 8. Let F(2) ES(2) have the form (6.1), and let all the coefficients
b, be real. Then (6.3) is valid and this inequality is sharp for every pair |b1[ ,
| 62|, mot both zero.

Proof. We may assume |bl| #0, for if 5;=0 (6.3) is a special case of
Theorem 2 with p=¢=2. By Lemma 1 and Lemma 2, we have a sequence of
functions F.,.(z) of the form

Fu(z) = clz( - —) (1= BT (1 = s

(6.4) =
= clz<1 ——) 1 - BZ)ZA Z" = Zc,.z )
ﬁ n=0
where
(6.5) Dyi=4, 0<w; 2z =cosf;+ isinb;

The sequence Fn(z) converges to F(z) and ¢,—b, as m— . Since b; #0,

(2%) On some determinanis related to p-valent functions, Trans. Amer. Math. Soc. vol. 63
(1948) pp. 175-192.
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B#0, and since all coefficients are real, the single critical point must lie on
the real axis, that is 8=48. From (6.4)

Ao = 1,
4, = %5,
(6.6) ' ,{:1 Yi#i
m 2
- Z 'YzZ: ( > “/:'Zi) ’
=1 j=1
and
(6.7) c2 = Aic1 — 61(}3 + 3_1),
¢z = Agc1 — AICI(B + /3—1) + ¢,
from which
6.8) 6= a(1+ Ay — A2 + Ascs.

It is clear from the conditions (6.5) that | 4:| <4. We need only prove
that |14+ A4,—A3%| <5. Since all the coefficients are real, the image of E under
f(z) will be symmetric about the real axis. In selecting a polygon for ap-
proximation, we may require that this polygon is also symmetric about the
real axis. Then in the sums (6.6), the 2; occur in conjugate pairs and each ele-
ment of a conjugate pair is multiplied by the same «;. So

Zm: yiti — ~—( 27,Z>

j=1

3

A, — AF =

M

2
6.9 !
(6.9) 5 4

vi(2 cos?8; — 1) ———(Z—y, coso)

1 1

.
]

— 24 D y; cos? 8; ———(Zy,cos@)

=1

By Cauchy’s inequality,

Z’Y: cos? 0; ——(Z'y,cosf))%(’,

=1 =1
so, using (6.5), we have —6<A;—A42<2 or
(6.10) —5<144,— 41 <3.

We shall see when we have proved Theorem 12 that (6.3) is sharp for
every pair lb1| | 2|, and that the inequalities of Theorems 9, 10 and 11 are
also sharp in the same sense.
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Using Lemma 1 and Theorem 8 we have immediately the following
theorem.

TuEOREM 9. Let f(2) EC(2) have the form

(6.11) (&) = 3 aus®

n=1

and let all coefficients be real. Then
6.12 |as] <~ Joa] + < | ]
(- ) a3 = 3 a 3 azj,

and this inequality is sharp for every pair Ia,[ , | a2| not both zero.

Notice that the conjecture (6.2) for p-valent functions suggests the con-
jecture that

» 2k%(n + p)!
.13 nl =
€19 el = 2 Gt B - B = 7= D

for functions of class C(p) of the form (6.11). This of course gives (6.12) for
p=2 and n=23. It also seems reasonable to conjecture that the bounds ob-
tained in Theorems 2, 3, and 7 are valid for all functions regular and p-valent
in E.

The same methods yield the following extensions of Theorems 8 and 9.

|

TueoreEM 10. Let F(2)=S(p) be of the form (6.1) with by=bs= - - -
=b,_2=0, and let all coefficients be real. Then

(6.14) [oon] = 2o+ D@ — D] by | + 22| 5],
and this inequality is sharp for every pair [b,,_ll , ]bpl not both zero.

THEOREM 11. Let f(z) EC(p) be of the form (6.11) with gy =a:= - - -=ap_2
=0, and let all the coefficients be real. Then
2p?

P+1 p—1 p+1 s

and this inequality is sharp for every pair |ap_1[ , [apl not both zero.

(6.15) | apin| =

The inequalities (6.14) and (6.15) are special cases of the conjectures (6.2)
and (6.13) respectively.

It has been shown(??) that for every set |b1|1 |b2| N |bp| not all zero,
there is a p-valent function with b, satisfying (6.2) with the equality sign.
All of these p-valent functions are of the type described in the following
theorem and so are of class S(p). From these we can obtain functions of
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class C(p) for which the equality sign holds in (6.13) for every set I”’llv
laa|, - - -, |as| not all zero.

THEOREM 12. Let

P b4
(6.16) f(z) = P(w) = 2 (—1)*azut, *=—
k=1 (1—2)?
where 0,20, k=1,2, - - -, p, and for at least one k, ar>0. Then f(2) is an ele-

ment of class S(p) and, moreover, maps E onto a region R consisiing of p—1
full planes and a plane with a single radial slit.

Proof. It will be simpler and completely equivalent to consider g(z)
=f(—2). Then

4

(6.17) g(2) = e + av? 4 - - - 4 @07, v = m’

and for g(z)

H, 0) = E)ft(z gf(z)> _ % (al 4+ 200+ - -+ papt 3 dv)

g(z) a4 e+ - - - 4 apprt jd_z
—ER(Q() 3 dv)
B ’ v dz)’

Now if z=e%, then v=1/4, Q(v) >0, and

(6.18)

z d 1—3 _cosf—1
(6.19) T() =— — = =1 - .
v dz 142 sin @

Therefore G(1, 8) =R(Q(v) T'(e®)) =0, and the boundary of R consists of radial
slits. Since g’(z) has only a single simple root on Iz] =1, there is only a single
slit.

The function k(z) =2g'(2)/g(2) is regular in some ring domain p < I z[ <1.
To determine R(k(z)) for [z| <1, we examine more closely k(2) for |z] =1.

A simple computation shows that

4

2 aua(u — v)hre
p>v=1

(a1 4+ agv+ « - - + avr 1)t '

If only one coefficient a; is different from zero, then Q(v) is a positive con-
stant. Otherwise Q’(v) >0 for v=1/4.

Let z=¢%* and let @ vary from O to w. Then T'(2) runs along the imaginary
axis from 0 to —i«, v(e¥) runs along the real axis from 1/4 to 4 «, and
Q(v) is either a positive constant or a monotonically increasing positive func-

(6.20) Q@ =
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tion. Thus A(z) maps this arc of the unit circle in a one-to-one manner on
the negative imaginary axis, a counterclockwise direction for 2, correspond-
ing to a downward direction for #(2). As 6 runs from = to 2w, T'(2) runs along
the imaginary axis from + « to 1/4, and Q(v) is either a positive constant
or a monotonically decreasing positive function. Thus 4(2) maps this arc in a
one-to-one manner on the positive imaginary axis, with the same correspond-
ance of directions as before. Since a regular function is region-preserving
there exists a p such that for p < | zl <1

H(r, ) = R(h(z)) > 0,
and hence g(2) €S(p).

RuTGERS UNIVERSITY,
NEw BruUNswick, N. J.
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