APPLICATIONS OF THE SUBORDINATION
PRINCIPLE TO UNIVALENT FUNCTIONS

M. S. ROBERTSON

1. Introduction. Let
(1.1) f@R=z+a+ o0 +a,"+ -

be regular and univalent in |z| <1 and map |z| <1 onto a simply-
connected domain D. Let

1.2) D) =b2z+ b2+ o0 F+ 02"+ o0

also be regular in |z| < 1. ¢(2) is said to be subordinate to f(z) if for
each z of the unit circle |2| < 1 the corresponding point w = ¢(z) lies
in the domain D. In this case [2] there exists an analytic function
o(?) regular in |z| < 1 for which w(0) =0, |w(@)| = |2] <1 and ¢(z) =
Ho)}.

It is the purpose of this paper to establish the following basic
Theorems A and B which concern analytic functions F'(z,t) and w(z, t),
depending upon a real parameter ¢, and then to use them to obtain
results in the theory of univalent functions. Some of the results are
well known and others are new, but the method of attack seems to be
novel, simple and of sufficient generality to be of interest in itself. The
functions F'(z, t) and w(z,t) will be related to the univalent function f(2)
of (1.1) by means of the subordination concept.

An interesting biproduct of Theorem B is the following statement.
A sufficient condition that f(z), regular and univalent in |z] < 1, be
convex in [#2| < 1 is that the de la Vallée Poussin means V,(z) of (1.1)
be subordinate to f(z) in |2z| < 1forn =1,2, ---. Recently [3] G. Polya
and I.J. Schoenberg showed that this condition for convexity is also
necessary.

THEOREM A. Let
(1.3) 0(z, ) = Sba(t)2"
be regular in |z| <1 for 0 <t <1. Let
oz, t)| <1 for |2|<1,0=t=<1,0(0)=z2.

Let o be a positive real number for which
(1.4) o(@) = 1im{_‘_"£?¢“_z}
=04 zt°
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exists. Then

(1.5) ABaz) =0 for |z|<1.

If o(z) is also analytic in |z| <1 and Zw(0) + 0, then
Fw() <0 for |z|<1.

Proof. By Schwarz’ lemma we have for [z| < 1|w(z,t)| < |z| with
equality only if w(z,t) = z exp16(t), then the function

1.6 1) = @&t —2

(1.6) 1z, t) o 1) Tz

is regular and Zu(z,t) <0 for |z| < 1. But when w(z, t) = z exp 16(¢),

Mz, t) =1 tan (1/260(%)) is purely imaginary. Thus p(z,t) is regular and

Pz, t) < 0in |z| <1 with equality occurring only if w(z,t) = z exp 16(t).
For t > 0,|2| <1 we may write

7 g?{w(z’ztt)"_ = o(z, i? + z} - ‘9?{ 2#55’ t)} =0.

(1.4) implies that lim, ,,@(z,t) = z = w(z,0). Therefore, on letting t —0
in (1.7) we obtain Zw(z) =<0 for |z] <1. When w(2) is also analytic
in [2] <1 and “Zw0) # 0 we have further that Zw(2) <0 in |z| < 1.
This follows since the maximum, in this case zero, of a non-constant
harmonic function cannot occur at an interior point.

As an illustration of Theorem A, the following example is useful.
Let

1— 2tz + 2
1.8 y=0=2e+2 gy,
a8 “ED =T — 2 =r=

Then @(2,0) =2, |w(z,t)| <1in [2|<1,0=t <1,

z—1
z+1

(1.10) é?w(z)=29?< )<0, 2| <1.

. Theorem A is a special case of Theorem B to follow. However,
the proof of Theorem B depends upon Theorem A.

THEOREM B. Let
(1.11) fR=z+a2 + -+ +az"+ ---

be regular and univalent in |z| < 1. For 0 <t <1 let F(z,t) be regu-
lar in |z| <1. Let F (2,0) = f(2) and F(0,t) =0: Let p be a positive
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real number for which

(1.12) F(2) = lim { F(z,t) — F(z,0) }

804 zt°

evists. Let F'(z,t) be subordinate to f(z) im |z| <1 for 0 =t =1.
Then

(1.13) %‘ﬁ{fg;}go l2] < 1.

If in addition F(z) is also analytic in |z| <1 and SPF(0) + 0, then

%{%}<0, 12| <1.

Proof. Since F'(z,t) is subordinate to f(2) in |2| <1 we have
F(z,t):f{w(z,t)}, Izl<1y 0=t=1,

where w(z, t) is regular and bounded |w(z,t)| =1 1in |2| <1, 0=t =<1.
Since F'(z,0) = f(z) and since f(z) is univalent in |z| <1 we have
w(z,0) = 2. Also since f(0) =0, F(0,t) =0 and since f(z) is univalent
we have w(0,t) = 0. We now write

(1.14) F(z,t) — F(2,0) _ [f(co(z, ) — f(@(z, 0)) ][G)(z, ) — oz, 0)]
) 2t° (z, t) — w(z, 0) 2t° )

(1.12) implies that F'(z,t) is continuous from the right at ¢ =0 and a
similar statement holds for w(z,t) because of the subordination. Let
t— 0+ in (1.14). The left side of equation (1.14) has for a limit F'(z)
by (1.12). On the right side of (1.14) the square bracket has a limit
f'(z) # 0. Thus

(1.15) o(z) = lim [“’(z' b — o, 0)]

-0+ 2tP

exists and equals F'(z)/f'(z). Furthermore Zw(0) = ZF(0). If F(z)is
analytic so is @(z). Since the conditions of Theorem A are fulfilled by
w(z,t) we have

(1.16) @EC — Zw@ <0, |2]<1.
Sf'(2)
When F(2) is analytic in |2| < 1 and <ZF(0) # 0 we also have
1.17 S@L ¢, 1.
(L.17) %{F(z)}< 2] <

2. Applications to univalent functions. The properties of univalent
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functions W = f(2), given by (1.1), which are also star-like with respect
to the origin in |2| < 1 are well-known [2]. If W = f(2) maps |z| <1
onto a star-like domain D of the W-plane, then by definition the line
segment joining the origin to the point W = f(2) lines entirely within
D for each z in [2| < 1. One then shows that it is necessary that

2.1) @A > 0 in 2 <1,
f(2)

In establishing (2.1) one is obliged to show first that if f(z) is star-like
with respect to the unit circle it is also star-like with respect to each
smaller circle |z] = r < 1. At this stage one then appeals to an alter-
native definition of a star-like domain.” This requires that the radius
vector, joining the origin to the point f(z), turns always in one direction
as the argument of z advances.

A much simpler proof -of the necessity of (2.1) follows immediately
from Theorem B. Since (1 — t)f(2) is subordinate to f(z) for 0 < ¢ < 1,
we have

(2.2) 1 — 5@ = flok, 1)}

where w(z, t) satisfies the conditions of Theorem A. Taking o =1 and
letting

(2.3) F(z,t) =1 —1)f(2)

in Theorem B we obtain at once F'(2) = —f(2)/z + 0, so that (2.1) follows
from (1.17) very simply.
More generally we have the following theorem.

THEOREM 1. Let.
F@ =2+ a2+ coo +a,2" + -

be regular and univalent in |z| < 1 and such that (1 — te'®)f(z) is sub-
ordinate to f(z) in |z| < 1 for an interval 0 =t = t, a a real constant
|a| < x[2, then

—w2f' ()
(2.4) %{e m}>0, lz| < 1.
For the proof of Theorem 1 we take
(2.5) F(z,t) = (1 — te*) f(2)

in Theorem B and (1.13) becomes (2.4) in this case. The condition (2.4)
is the one given for spiral-like functions by L. épaéek [7].

The following theorem from an intuitive point of view appears to
be almost self-evident. Our new technique, however, furnishes an easy
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and precise proof.

THEOREM 2. Let f(2) of (1.1) be regular and univalent in |z| < 1.
For an interval 0 <t < t, let the function

(2.6) ZLF(e2) + Fle o)
be subordinate to f(z) in |z2| <1. Then.
2f"(2)
(2.7) %{1+m‘}>0, |z|<1,

and f(z) is convex in |z| < 1.

Proof. In Theorem B we choose p = 2 and F'(2,t) to be the func-
tion (2.6). Then

(2.8) F@)=limEZ@)—F@0) _y, 1 0Fc1
=0 2t? =0 22t ot

e =lim - TEED - ) — 1)

Since f’'(0) =1, it follows that F'(0) = —1 so that <#F(0) # 0. Thus
(1.17) of Theorem B is equivalent to

2.9) @{1+zf}','((:))}>o, 12| <1.

It is well known [2] that (2.9) implies that f(2) is convex in |2z| < 1.

For odd functions and an appropriate choice of F'(z,t) we obtain a
result perhaps not so intuitively obvious as Theorem 2. It is the follow-
ing theorem.

THEOREM 3. Let

(2.10) F@) =7+ Sam-gn

be an odd function, regular and univalent in |z| < 1. For all real a
and for an interval 0 <t < t, let the function

@1 WETE) G e

be subordinate to f(2) in |z| < 1. Then f(z) is conver in |z| < 1.
For the proof of Theorem 3 we take F'(z,t) of Theorem B to be
the function (2.11) and select p = 2. A calculation of F(z) in (1.12),
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together with (1.16), leads to the inequality

— p—2iw 222-iaf"(z) — — p—2iwy2
2.12) g[a cregpenl B — 20— o z)]go, lzl<1.

Choose @ =ampz. Let [z =7 < 1. Then (2.12) becomes

_ 22.zf”(z) _ e
(2.13) %[(1 7?) perT 2(1 r)] =0,
2f"(2) 147
(2.14) %[1 + I ] = 15

Similarly, for & = 7/2 + amp 2z, we obtain

z2f"(z) 1— 7
(2.15) @[1 + 2L ] 2 175> 0

It follows from (2.15) that f(2) is convex for [z| < 1. It is to be noticed
that equality occurs in (2.13) for the convex function

o =Jos (2).

when o = 0. In this case F'(z) = 0.

For another application of Theorem B we turn now to a class of
function which need not be convex but which form a subclass of the
class of close-to-convex functions introduced by W. Kaplan [1].

It is well known that if

(2.16) fG) =2+ Saz"

is univalent and convex in |2| < 1, then |a,| =1[2]. The author [5, 6]
has shown that if the coefficients are all real and if f(z) is univalent
and convex only in the direction of the imaginary axis for [2| < 1, then
again |a,| <1, but that if the coefficients are complex the results
|a,| < n is sharp. For the class of functions f(z) which are close-to-
convex in |z| <1, the inequalities |a,| = n again hold [4]. We now
consider another class of functions, which are also close-to-convex in
|z] <1, but not necessarily convex, for which |a,| < 1. This class con-
tains the odd star-like functions as a sub-class. The result is stated in
the following theorem.

THEOREM 4. Let the function

(2.17) 1 —=1)f) + tf(—2)

be subordinate to the univalent, regular function
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(2.18) SR =2+ @+ <o +a2" + -

i |z| <1 for an interval 0 =t <t,. Then

(2.19) %o*{—zi'(z)—}>o, 12| <1,

f @) — f(—2) |
and the vector {f(z) — f(—=2)} turns continuously in one direction as z
traverses each circle |z| =r < 1. f(2) is close-to-convex in |z| < 1.

Proof. Let p=1 and let F(z,t) be the function in (2.17). Then
F(2) of (1.12) reduces to (1/2)[f(—2) — f(?)] and F'(0) # 0. (1.13) then
leads to (2.19).

Now let

arg [f(z) — f(—2)] = $,argz =0 .

de _ f'(?) + f(=7)
220 25 =F z{ f(z)——f(—z)}

) B (=2f'(=2) | < <1,
%{f(z) —f(~z)} * %{f(—z) —f(z)} >0, 17|

by (2.19).

Since by (2.20) {f(2) — f(—=2)} is univalent and star-like in |[z]| <1, it
follows that

@.21) V(@) = S_ﬁt);ifi‘—t) dt, |z]<1,
is convex in |z| < 1. Thus (2.19) may be cast in the form
(2.22) %{%} >0, |[2|<1, o(z) convex,

which implies that f(2) is close-to-convex [1] in |z| < 1. This completes
the proof of Theorem 4.

In a recent paper [3] G. Polya and I.J. Schoenberg have shown
that if f(2) of (1.1) is univalent and convex in |z| < 1 then so are the
de la Vallée Poussin means V,(z) of the power series (1.1),

_mn n(n — 1)
(2.23) V.(2) = p P CESN )

wn—1) -1
n+ Dn +2) -+ (2n)
and if D and D, denote the convex domains into which the unit circle

is mapped by f(2) and V,(z), respectively, then D, C D. In other words,
V.(2) is necessarily subordinate to f(z) for n =1,2, --- when f(?) is

a2’ + v

az",
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univalently convex. By means of Theorem B we can now prove that
the condition D, < D for infinitely many values of n is also a sufficient
condition that f(z) be convex when f(z) is univalent. The theorem of
Pélya and Schoenberg in its extended form is now stated as Theorem 5.

THEOREM 5. A mecessary and sufficient condition that the function
f(z) -':z_i—a2z2 + e +anzn + oo ’

regular and unitvalent in |z| < 1, be convex in |z| <1 is that the de
la Vallée Poussin means V,(z) in (2.23) be subordinate to f(z) in |z| <1
Jor m=1,2, ...

Proof of sufficiency. In Theorem B we choose p =1 and F(z,t) =
Viz) where t¢t=(n+1)' We define F(z,0)=lim,, . F(zt) =
lim, ... Va(2) = f(2), uniformly in |z]| <7 < 1. For p =1 we shall show
that the limit defining F'(2) in (1.12) exists uniformly and is precisely
the analytic function —{zf"(z) + f'(?)}, F(0) = —1. When this is done
(1.17) will give

2f"(2)
9?{1+—f-@—}>0, 2] <1,

and the convexity of f(z) follows. We need the following lemma.

LEMMA. If n and k are positive integers, k < n, then

. n(n—l)--'(n—k+1) 2
(2.24) (n+1)[1 (n+1)(n+2)...(n+k)]§k '

We establish the lemma by mathematical induction. Let » be an
assigned positive integer. It is readily seen that (2.24) holds for & = 1.
Assuming that (2.24) is true for a value k <% we prove that (2.24)
also holds when k is replaced by (¢ + 1). Indeed, we have

. mn—1) . (n—k+ 1)(n—k)
(2.25) (n + 1)[1 m+)n+2)--(n+kn+k+ 1)]

_ _omn—1) - (n—k+1) (y  2t+1
_("+1)[1 (n+1)(n+2)---(n+k)<1 n+k+1)]

_ o nmn—1)---(n—Fk+1)
_(”H)[l (n+1)(n+2)---(n+k)]

(n+ 1) nn—1)--(n—k + 1)
+(2k+1)n+k—I—l[(n+1)(n+2)--~(n+k)]

<K+ @k+1)=(Fk+1)7.
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Turning to the calculation of F'(z) we have
(2.26)
F(z) = lim [ Fz 1) — F(z0) ] —lim 2L v ) — f2)

t—0+ tz n—soo 2

o %fy _ mn—1) s (n—Fk+1) k-1,
- }33(”“)%{1 (n+1)(n+2)--.(n+k)}“’°z =1,

oo

— lim (n + 1)z Oawnﬂzv .
=

n—r00

Let |z| = r < 1. Since f(2) is univalent we have |a,, .| < e(v + n + 1).
Consequently for large n

(2.27) 0+ 1)2"S i = 0{ wr ot =
= (L —ry

(2.28) lim p, = 0

uniformly in |z]| < 7.
Let N be a positive integer. Then

) N _ nmn—1) e (n—Fk+1) k-1
(2.29) Lﬂmw (n + 1)102:11{1 m+1)(n+2) - (n+k) }akz

N
= > kaz .
k=1
For n > N, |z| < r, by the lemma we have

n B wn—1)-(n—~k+1) k-1
(2'30) '(n + 1)k=%+1{1 (n + 1)(’” =+ 2) cee ('n’ + k) }akz

n oo
= D BlagrtTt < e X Ertt.
E=N+1 N+1

Given ¢ > 0, we now choose Ne, r) so that for N > N,

(2.31) eSS krt < e

N+1

From (2.26), (2.28), (2.29), (2.30) and (2.81) it follows that the limit in
(2.26) exists uniformly in (2| <7 < 1 and is the analytic function

(2.32) F(z) = —é}kzakz’“"‘, a, =1,]z| <1,
= —2f"() - f'(?) .

This completes the proof of the sufficiency part of Theorem 5. The
necessity part was shown in [3]. In (2.26) since n is a positive integer
we have let £ — 0 through a discrete set of values of ¢. This, however,
in no way affects the validity of Theorem B.
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