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1. Let us consider the family F of univalent functions in a domain D of the com-
plex z-plane which contains the origin. We suppose all functions to be normalized
by the conditions f(0)=0, f'(0)=1 and define their local power series development

) f@@ =z+ i a,z".

n=2

The coefficient problem for the family consists in the search for bounds for the
coefficients a, and for the set of points {as, a3, . - -, a,, - . .} in the coefficient space
which belongs to functions in F.

The problem of determining the functions in F, for which, say, the functional
Re {a,} takes its maximum, can be attacked by the method of variations and the
extremal functions can be characterized by functional-differential equations [2], [4].
The general idea of this procedure is as follows: Let w=f(z) map the domain D
onto the image domain A and let I be the complement of A in the w-plane. To every
point w, € I one can find univalent functions in A of the form

) w* = VIw] = w+ew?/(w—wo)wi+ O(e?)

such that ¥(0)=0, V'(0)=1 and that the remainder term O(¢?) can be estimated
uniformly in each closed subdomain of A. The combined mapping function

3 ¥ = VU] = [+ @°/(f(2) — wo)ws + O(e?)

is then a competing function in F with the nth coefficient

1 1
* g e — 2
@) ar¥ =a,—¢ e P"(Wo) +0(£%)
where P,(¢) is a polynomial of degree (n—2) in 7 defined by the generating function
f(@) <
5 = a,+tP,(t)]z".
©) =7 @ n; [ (Q)!

We can easily express the coefficients of the polynomial
n-1
6 Pit) = D Ayt
v=1
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in terms of the coefficients of
™ f@r = Z a, 2"
k=n

Indeed, from (5) and (7) we infer
(8) An,v = Qy+1,n-

The condition that f(z) be the function with the largest value of Re {a,} in the
family F leads to the inequality

1 1
©) Re {e = Pn(;;)} +0(2) 2 0
for all admissible variations (2). The basic lemma of the calculus of boundary
variations [2], [4] allows us then to infer that A is a slit domain whose boundary I
consists of analytic arcs with the differential equation
w'(7)? 1 _
(10) e P,.(m)+l -0
if 7 is a properly chosen curve parameter.
It can even be proved [3] that

(1n P,(1/w) #0, wel,w# oo,

so the boundary arcs cannot fork at any finite point.
It is the purpose of the present paper to prove that the extremal function f(z) is
such that

(12) az,n # O-
Since, clearly, we have

1 —_ as,n - Qn-1,n 1
(13) Pﬂ(w) - a2.n+ w + + wh-3 +wn—~2’

we conclude from the differential equation (10) that the boundary I' has near
infinity the asymptotic direction e'° defined by

(14) e"ay, < 0.

Hence the boundary component of the extremum domain which contains the
point at infinity has an asymptotic direction there.

A consequence of this fact is that, in the case of univalent functions in the unit
disc, the extremal domain is bounded by one single analytic arc ending with asymp-
tote at infinity. This fact was first proved by Schaeffer-Spencer [1]. They derived
it from a careful analysis of the coefficient body of univalent functions. In a recent
Stanford thesis, F. T. Johnson has derived the same result from an analogous
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result for univalent meromorphic functions in the unit disc by a passage to the
limit.

It seems that the fact a, ,#0 is proved here for the first time in the case of all
extremum problems for univalent functions. It may be very helpful in the further
analysis of the functional-differential equation.

2. To prove our assertions, we have to complement the variations (2) which
single out finite boundary points w, by an additional variation near the point at
infinity. Indeed, since the functions f(z) € F are, by assumption, regular in D, the
point at infinity lies in I

We consider a part I"<TI' which is located near infinity and which bounds a
simply-connected domain A’ in the w-plane which contains the origin and has with
respect to it the mapping radius R. That is, there exists a univalent function
w=®({) in the disc [{| < R with ®(0)=0, ®'(0)=1 which maps it onto A’. Clearly,

(15) w=0Q) = qu(-]%) = i AR-C-VP, A =1

where @(7) is a normalized univalent function in |5| < 1. By shrinking the comple-
ment I'" towards infinity, we can make R as large as we wish.
We have the well-known estimates

(16) |A2| =< 2, |A3| < 3, ey lAnl < en.
Hence the inverse function

2—
(17) [ = w—% w2+2A;2R;ﬁ w3+0(§13)

represents a univalent variation of A which allows a uniform estimate of the error
term O(1/R®) in every closed subdomain of A.

We may introduce a more general variation by mapping A’ onto |{| <R and
superimposing the additional mapping

Ly,
® ¢ - rger - 2 (7) 7

v=1

of that unit disc with arbitrary real «. Thus we have the new variations
(19) () = W+ Qe~ AW+ oy (3e2w-4A2efa+2A§-A3)wa+o(%),

and the functions

4@ = f@)+5 e~ 4)f )

(20)
+ R_12 (3e?®—4Aze" + 243 — A3) f(2)* + O(Flé)

lie for all real « in the family F and are competing functions.
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The nth coefficient of the varied function has the form
Q1) 6 =yt (26— A+ 7 (e — 4z + 245 — A)as,n+ O 7 )
The extremum condition on f(z) leads to the inequ.;ellity
22)  Re {(Ze‘“—Az)a2,n+—11§(3e2‘°‘—4A2e“’+2A§—Aa)as,,.} < o(Riz)

for large R and every choice of «.

3. From the original differential equation for I' we know that we may choose I'’
as an analytic arc with a specific asymptotic direction at infinity. In this case, the
coefficient 4,(R) will have the asymptotic form

23) AR = ver-22+0( 2

where 8 depends on the asymptotic direction but not on R.
If a, ,#0, we infer from (22) and (23)

(24) Re {(¢**—€¥)a; ,; = 0 for all .

This leads to a simple relation between sgn a, , and 8 which is equivalent to (14)
and does not give new information.
But suppose a, ,=0. Now, the maximum condition (22) becomes

(25) Re {a; ,(3e%® —8ei@+P 1 5¢%8)} < 0

for all real «. We define the polynomial

(26) Q@) = C-DEL-5) = 37>-8(+5

and can bring (25) into the form

27 Re {a; ¢! 1I({)} = 0 forall [{| = 1.
We use first the values {=¢* with small ¢ and find

(28) Re {a; ,e%8(je—3e*+ - - -)(—2+3ie+---)} £ 0

for all real . The lowest order term in ¢ leads to the conclusion

9) a; % =, r = real

and we obtain from (28)

(30) r-Re{—e2+0(s%} =0, rz0.
Next, choose {= —1 and since II(—1)=16, we obtain from (27) and (29):

(€2))] 16r=0, r=0.

Thus, from a, ,=0 we are led to the conclusion

(32) as,, = 0.
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4. To find the first coefficient a,_, in (13) which does not vanish, we proceed as
follows. Let

-0 = 5
(32) w=p) = (1=07
with the inverse function
. gy _ (H4w)E -1

(33) {=p7'(w) = T+4w)2+1
We construct the function

1 1 _ 4w )
@4 Pl ) = s T =i e e
In the special case a= —1 we obtain

—p(—p~1 = w = S —4y=1,n
(35) PP ) = [y = 2 (ST

In the case a=e¢* with small ¢ we may develop the function (34) into a series of the
small parameter (1 —a) and find

- —g)2
(36) ép[ap'l(w)] = w—%lT;;z (1+4w)t2—1)w+48 873—4 w?+0((1 —a)®).

Observe that the function ¢(n) introduced in (15) tends with R — oo toward the
rational limit function
(37 Pa(n) = e ¥p(en).
The inverse function (17) has the form
(€2)) { = Rp~*(w/R)
and the composite variation (19) depending upon the parameter « appears as
(39) {* = V(w; R, «) = Re~"ple"“p~}(w/R)}.

If we develop V(w; R, «) into a power series in w near w=0, we obtain
(40) Vo Re) = 2 b(R; o) R-}_—l W,

Let us define

41 V(w;0,0) = e ‘-11 plap ~(e**w)] = h()w’, a = e b,
1

v=

It is evident that
(42) gim h(R, &) = h,(a).
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We insert now the function w=/(z) into the variation (39) and obtain the value

@3) at = ayt e (R, a)+0( 1)

for the varied nth coefficient if g, , is the first nonvanishing coefficient in (13).

The maximum condition for f(z) with respect to Re {a,} leads thus to the limit
inequality
449 Re {a; ()} < O
for all values of «. We evaluate this condition for a=¢€'* near a=1. We find from
(36) and (41) the asymptotic formula

45) h@ = =8 g 7 (.2 )eero-a0)
if we assume k> 2. Thus, since

(46) sn (.2 ) = -1

we derive from (44) the inequality

47) Re {a,,,,‘e“" “DE(—1)* as e“)3}+0(8 ) 2

that is,

8) Re {ak,,,e“"“"(—l)" eij(ii——ﬂs/’é—%a}+0(ea) 20

Since ¢ can be chosen positive or negative, we find by considering the first order
terms only

(48") a %8 =r,  rreal

From the second order terms we read off

(49) (= D*+1r-esin (¢/2) + O(e®) 2 0,
that is,
(49) r(=1y*1 =z 0.
Next, we choose a= —1. From (35) and (41) we find in this case
(50) he) = 4~ D54yt
Hence (44) becomes
(51) Re {a; 6! *~DE(—1)-1} £ 0.

By use of (48) we obtain
(52) r(—1)*"* = 0.
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Combining (49") with (52), we are forced to conclude
(53) r=0.

But we assumed a;_,5#0 and ran into a contradiction.
Thus, the only noncontradictory assumption is a, ,7#0 and our assertions are
proved.

5. The variations near infinity, which were introduced in this paper, form an
important additional set to discuss extremum problems involving univalent
functions which do not take the value infinity. The considerations used above can
be extended to any linear functional of the univalent function f(z) and applied in
the case of many more extremum problems.

REFERENCES
1. A. C. Schaeffer and D. C. Spencer, Coefficient regions for schlicht functions, Amer. Math.
Soc. Collog. Publ., Vol. 35, Amer. Math. Soc., Providence, R. I.; 1950.
2. M. Schiffer, A method of variation within the family of simple functions, Proc. London
Math. Soc. (2) 44 (1938), 432-449.

3. , On the coefficients of simple functions, Proc. London Math. Soc. (2) 44 (1938),
450-452.
4. , Extremum problems and variational methods in conformal mapping, Proc. Internat.

Congress Math., 1958, Cambridge Univ. Press, New York, 1960, pp. 211-231.
5. R. Courant, Dirichlet’s principle, conformal mapping, and minimal surfaces, Interscience,
New York, 1950; Appendix.

STANFORD UNIVERSITY,
STANFORD, CALIFORNIA



