THE FREDHOLM EIGEN VALUES OF PLANE DOMAINS

M. SCHIFFER

Introduction. The method of linear integral equations is an impor-
tant tool in the theory of conformal mapping of plane simply-connected
domains and in the boundary value problems of two-dimensional poten-
tial theory, in general. It yields a simple existence proof for solutions
of such boundary value problems and leads to an effective construction
of the required solution in terms of geometrically convergent Neumann-
Liouville series. The convergence quality of these series is of consider-
able practical importance and has been discussed by various authors
[4, 5, 6, 7]. It depends on the numerical value of the lowest nontrivi-
al eigen value of the corresponding homogeneous integral equation
which is an important functional of the boundary curve of the domain
in question. Ahlfors [1, 10] gave aun interesting estimate for this eigen
value in terms of the extreme quasi-conformal mapping of the interior
of this curve onto its exterior. Warschawski [15] gave a very useful
estimate for it in terms of the corresponding eigen value of a nearby
curve which allows often a good estimate of the desired eigen value in
terms of a well-known one. This method is particularly valuable for
special domains, for example, nearly-circular or convex ones.

It is the aim of the present paper to study the eigen functions and
eigen values of the homogeneous Fredholm equation which is connected
with the boundary value problem of two-dimensional potential theory.
In particular, we want to obtain a sharp estimate for the lowest non-
trivial eigen value in terms of function theoretic quantities connected
with the curve considered. The steps of our investigation might be-
come easier to understand by the following brief outline of our paper.

In §1 we define the eigen values and eigen functions considered
and transform the basic integral equation into a form which exhibits
more clearly the interrelation with analytic function theory and extend
the eigen functions as harmonic functions into the interior and the ex-
terior of the curve. The boundary relations between these harmonic
extensions are discussed and utilized to provide an example of a set of
eigen functions and eigen values for the case of ellipses.

In § 2 we show the significance of the eigen value problem for the
theory of the dielectric Green’s function which depends on a positive
parameter ¢ and is defined in the interior as well as the exterior of
the curve. This Green’s function has an immediate electrostatic inter-
pretation and its theoretical value consists in the fact that it permits a
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continuous transition from the Green’s function of a domain to its Neu-
mann’s function. All dielectric Green’s functions permit simple series
developments in terms of the eigen functions and eigen values studied
and the possible applications of these series developments to inequalities
in potential theory are briefly indicated. Finally, it is shown that analy-
tic completion of the dielectric Green’s functions leads ultimately to
univalent analytic functions in the interior as well as the exterior
domain. This will lead, on the one hand, to interesting information on
potential theoretical questions by use of the numerous distortion theorems
of conformal mapping. On the other hand, we obtain in this way a
one-parameter family of conformal maps of the domains which start
with the identity and end up with the normalized mapping onto a
circle. This parametrization is of importance in the theory of univalent
functions; it is entirely different from the Lowner parametrization of
univalent functions [8].

In §§ 3 and 4 we derive formulas for the variation of the various
eigen values and dielectric Green’s functions. We use at first interior
variations and are thus able to derive precise variational formulas with
uniform estimates for the error terms. By superposition of interior
variations and simple transformations we can easily derive variational
formulas of the Hadamard type. It is seen that the variational formula
for the dielectric Green’s function is surprisingly similar to that for the
ordinary Green’s function. It is seen that the circle is a curve for
which all nontrivial eigen values are infinite. Thus, the circle leads to
a homogeneous integral equation with an eigen value of infinite de-
generacy and the usual perturbation theory cannot be applied. We
show, therefore, by a special argument how eigen values for nearly-
circular domains can be obtained.

Finally, we apply in §5 the variational formula for the eigen
values to a simple extremum problem for the lowest one which leads
ultimately to the desired inequality. A characteristic difficulty, however,
has to be overcome in this problem. It appears that the eigen values
are only continuous functionals of the curve if the curve is deformed
in such a way that normals in corresponding points are turned very
little. Such a side condition is hard to preserve under general varia-
tions. We introduce, therefore, the concept of uniformly analytic
curves which is closely related to the theory of univalent functions.
Extremum problems within the class of uniformly analytic curves are
easy to handle and the problem of the existence of extremum curves is
likewise of very elementary nature. As the end result of our study an
inequality then appears which estimates the lowest nontrivial Fredholm
eigen value from below in terms of the modulus of uniform analyticity.
This quantity is, however, easy to determine if a specific analytic curve
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is prescribed. It seems that the concept of uniform analyticity may
play a useful role in many further extremum problems and variational
investigations. As a side result of our study we obtain a new class of
plane curves for which the Fredholm eigen functions and eigen values
can be computed explicitly.

1. The Fredholm eigen values. Let C be a closed curve in the
complex z-plane which is three times continuously differentiable; we

denote the interior of C by D and its exterior by D. The kernel

1
lz—¢|

(1) Mao=§LMg
1

is a continuous function of both argument points as these vary on the

curve C only. We understand by —6—@- the differentiation in direction of
ne

the normal at ¢ on C pointing into D.
The first boundary value problem of potential theory with respect
to the domain D can be reduced to the inhomogeneous integral equation

(2) F=9@+1|_te, Opc)ds; zeC,

while the second boundary value problem can be solved by reduction to
an integral equation with transposed kernel

(2) F@=¢@) =L ke, 29(0s:, zeC.

In view of the Fredholm alternative in the theory of integral equations
one is then led naturally to discuss the eigen values and eigen functions
of the corresponding homogeneous integral equation

(3) o) =" | e, 09015

These functionals of C play an important role in the potential

theory of the domains D and D as shall be seen in the following con-
siderations. In this section we shall give a brief survey of their theory
and various transformations of the integral equation (3) which will be
used later.

We introduce the harmonic funection

(4) @ =2 ke, 00
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which is defined in D and D; for the sake of clarity, we shall denote
it by E(z) if its argument point lies in D. By the well-known discon-
tinuity behavior of the kernel (1), we have the limit relations, valid for
an arbitrary point z,€ C:

(5) Hm 7(2)=(1+2)py(z), lim A (2)=(1—2)p.(2) -
Z—)ZD Z—?Zo
On the other hand, the normal derivative of a double-léyer potential

goes continuously through the curve C which carries the charge and,
hence,

(6) 9 ==, for ze C,
on on

where a—a: denotes normal differentiation into D.

mn

By Green’s identity, we have

(M O t0g T og L 2o Jase=nten@

2r lc—z2] ¢ —2| on
and
™) | O eg Lo tog T S R(©)|as=h. @)

2 1€ —z| I&— |a

where 8(z) and 8(z) are the characteristic functions of D and D, that is,
1if zeD N

(8) W= L, @=1-00).
01i D

Combining (7) with (7') and observing the boundary relations (5)
and (6) between h,(z) and %,(z), we obtain

Ay 1
%) _n(zv—1)solog| ‘6 h(Q)ds;=h.(2) , zeD
3 1 X
(10) _ﬂ(2v+ ]_) Llog |C ‘ a v(C)dsi"‘ (Z) ’ zeD.

Define two analytic functions in D and D, respectively, by the
formulas

1) v,(2)— g";hv(z» 7,(2) = gz—ﬁy(z) :

Differentiating (9) and (10) with respect to z, one obtains easily
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12 ; =.~§ | Be) =t _
(12) o?) 2m0de C—z (e 2nide -z

These are elegant integral equations for the analytic functions v,(z) and

7,(2) which are valid for ze D and ze D, respectively.
We can also bring (12) into the form

(13) o) =" Ssbé’%df for ze D
and
13) 5.(2) =%585@L§5§d7 for ze D

which expresses v,(z) and 7,(z) as solutions of integral equations with
improper kernels. The integrals involved have to be understood in the
Cauchy principal value sense.

In the transition from the integral equations (3) defined on C to

the integral equations (13), (13') defined in D and D, we have lost one
particular eigen function. Indeed, if A(z)=const. were one of our eigen
functions A,(z) it would have been cancelled out in the differentiation
(11). But by (5), A,(z)=const. implies ¢,(z)=const. on C and from (3)
and the identity

(14) —1—5 Kz, C)ds;=1, ceC,
T Je

follows, in fact, that each constant is an eigen function of (8) with the
eigen value 1= +1. The eigen value 1= +1 plays an exceptional role
in the entire Poincaré-Fredholm theory of the boundary value problem;
the fact that the equations (13), (18’) lead to all other eigen values and
their corresponding eigen functions and eliminate A= +1 represents,
therefore, a strong argument in favor of this transition.

Let 2(s) be the parametric representation of C in terms of its length
parameter s. Then

dz

(15) z’=3g

will be the unit vector in tangential direction to C. The boundary
relations (5) and (6) for &, and %, go over into the equations on C:

(16) R} =1 2 Ria0e)
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17 S{v2)e'} =3 {0.(2)2'}

which can be combined into the one complex equation

(18) 0@ = 1 ()7 + - Ly vl

v v

This relation combined with (12) throws an interesting light on the
connection between v,(z) and ¥,(z). In fact, if we insert (18) into the
first equation (12) and apply Cauchy’s theorem, we find

1 [ G0 .
(19) ORI ZS LB, :

Observe that the second formula (12) yields #,(z) for ze D; now we see
that the same expression yields »,(z) for ze D, except for the factor
1—24,. Similarly, one shows easily

20 g =1 A | @0dD) D.
20 (e 2m§1+2,gc -z “c

If f(z) is an arbitrary complex-valued function in the entire z-plane
of the class &%, the equation

(21) Flz)= «i”@fﬁ%dr ,

defines a new function in &%, its Hilbert transform. It is well-known
[2] that the Hilbert transformation is norm-preserving, that is,

(22) SS[FP&-: ngwr .
Our formulas (13), (13’) and (19), (20) imply that the functions
vv(z) in D ~ 0 in D
(23) o={ " and Fo={
0 in D 9,(2) in D
have the Hilbert transforms
J-Alzvy(z) in D ) <i~—1)?)v(z) in D
(24) F,(2)= and F(2)=
l(%+1>ﬁy(z) in D }1_5,(2') in D.

Hence (22) yields
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(25) (= |l de=+ D 12 a5
From (25) we conclude easily that

(26) 141> 1.

For if, for example, 1,=1, we would have %, =0 in D, h,(z)=const.
and hence by (6) also %, (z)=const. But this would imply, in turn,
v,(z) =0 and no eigen functions would exist.

With each eigen value 2, of (4) the eigen value —2, also occurs,
except for 2=1. In fact, if we denote the conjugate functions of 4,(2)

and 4,(z) by 9,(2) and §,(2), we have by the Cauchy-Riemann formulas
the relations

0 4 (2) = _Lﬂi‘fb

Hence, putting
(28) gy @)=1—-2)9.2), Fi@)=1+2)9.,2)
and adding an appropriate constant we find for ze C:

S By NP BN s
(29) (Z) 1+ng(z)7 ‘a_ngv(z)— ~ v(z)

These are the boundary relations between %, and 4, but with —4, in-
stead of 2,. This proves our assertion.

If we start conversely from the complex integral equations (13) and
(18’) and consider any eigen function v,(z) with the eigen value 1,, it
will be observed that e™v,(z) is also an eigen function to the eigen
value 2,¢7%*, Hence, if we focus our attention on the integral equations
(12) or (13) we may assume without loss of generality that 1, is a real
positive eigen value. Calculating backward, we can easily see that
each such eigen value is also an eigen value of the Fredholm integral
equation (4) and so is —4,.

It is readily verified that eigen functions v,(2) and v,(2) which be-
long to different eigen values 1, and 2, satisfy the orthogonality relation

(30) SSDvV(z)Wdrzo .

This condition can be extended to the case of any two linearly inde-
pendent eigen functions. Similarly

(31) S Sﬁ@dmo
D
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for any two different eigen functions 7,, 9,. In view of (25), we
define

(32) w(R)=V'A—1 v(2), D)=V 1,+1 ¥,(2).
Then we can assume the orthonormality relations
(33) SS wyi,de=3,, , Sgﬁﬁ;ﬁdﬁ:av,‘.

D D

We have in view of (18) the boundary relations on C:

(34) wy(z)z’=—3—n1 2 ¥ 22 — 1w,(z)z ;

from (19) and (20) follows

(35) W)= =g lj@;—f@ zeD
and

(36) D)= 1/2;3_150@54’3, zeD.

If we were able to guess two functions w(z) and w(z) which are

analytic in D and D, respectively, and which satisfy on C the relation
(84) for a properly chosen 1, we would have obtained a particular solu-
tion for the eigen value problems (13) and (18’). It is sometimes pos-
sible to construct such pairs of functions and to obtain thus eigen
values and eigen functions for the Fredholm integral equation. One
possibility of construction is the following: We refer the curve C by
conformal mapping to the unit circumference. Let

(35) z=f()

be analytic on and near |¢|=1 and map it onto C. The condition (34)
can now be referred to [£|=1 and reads:
@?(C)]_f’(?)7

(38)  wlADI ()= — WAL Q)X —

1
VE-1 7F=i
Since the conjugation ¢ means just % on |[£|=1 it is easier to guess

solutions in this form.
Let, for example,

(39) z=f(c)=C+%2— , 0<p<1.
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This means that C is an ellipse. Let us put

(40) wlAOL(O)¢=al"+bL™"
and
(41) wlLAOI () =™ .

Condition (38) will be fulfilled if we put

2 -1

42 ““vr-1 "TvEotr

Define W(f)=Sw df and W(f)——:gzbdf. Then (40) and (41) yield

X ——

——1 n__ -y —_ " n ~lp—n
(43) W[f(C)]—n(aC bL™") Wm(c +27¢"),

(44) WLAC)= —;c .

Now the function (39) is univalent outside of |{|=p and, hence, we
may consider ¢ as a regular analytic function of zeD. Thus, W(z)

and @(z) are regular analytic in D. In order that W(z), w(z) be analy-
tic in D we must require that

(45) A=p

In fact, C”+§: can be expressed as a Chebysheff polynomial of z. Thus

we have guessed an infinity of eigen values and eigen functions for the
case of the ellipse. It can be shown that i"=+p>" gives all eigen
values of the ellipse for n=1, 2, ---. Since p=0 describes a circle, we
recognize, in particular, that all eigen values 2, for a circle have the
the value infinity [3].

If we know the eigen values and eigen functions of a given do-
main D we can find immediately the eigen values and eigen functions
of every domain D* which is obtained from D by a linear transfor-
mation

46 *=az+b=l )
(46) ? cz+d @

In fact, let ‘
(47) wy (@)W (2)=w,2), W@ (@R)=w2), I

2.
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It follows from (83) that the w} and w} form an orthonormal set of

analytic functions in D* and D*, respectively. Since we have on C*
(48) 2" (2)=1(z)

it is also obvious that (34) is fulfilled which shows that w} and &, are,

in fact, the normalized eigen functions of the domains D* and D*. In
particular, we note that the eigen values 1, of a domain are unchang-
ed under linear transformation. Similar domains, for example, have the
same set of eigen values.

2. Thc dielectric problem. The consideration of the electrostatic
field of a point source at ¢ in the presence of a dielectric medium in
D with the dielectric constant ¢ leads to the following heuristic defini-
tion of a Green’s function Ge(z, ¢):

(a) Gz, &) is harmonic in D and D, except for z==¢.

(b) Guz, &)—log ].J:l is harmonic at ¢ if ceD.
z—

) Gz, (:)—elogl q
z_
(c) Ge(z, &) is continuous through C.
(d) 96Guz, O)+ <2 Gz, ©)=0 on C for CeD or D.
on on

is harmonic at ¢ if e D.

(e) loglz|+Gu(z, £)— 0 if z2— o, for ¢eD or ¢eD.
It is easily seen that G.(z, ¢) is uniquely determined by these con-
ditions and that it satisfies the symmetry condition

( 1 ) Gs(C’ 77)=Ge(77’ C) .

We may construct Ge(z, £) by means of a line potential as follows. Let
e D and put

(2) Gz, Q)=log 1+ | ur, ) log ly—2lds,.

lz—¢]|

This set-up satisfies automatically conditions (a), (b) and (¢); we can
fulfill condition (e) by the requirement

(3) [, w7, ©ras,=0
1

S #r, 00 log 1 as,.
. R

and finally (d) by solving the integral equation
l—e 1 0 1

log 1 —p, r)—17°1

(4) -7 L0
1+e 7 on, [z—¢] lt+enm
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As long as ¢ >0 this equation can be solved in a unique way since

ll,.?f_
1+ ¢

tegral equation are larger or equal to one in absolute value. One veri-
fies also from (4) that condition (3) is automatically fulfilled. In a
similar way we proceed for ¢ e D.

The integral equation (4) indicates already the close relation between
the Green’s function G.(z, ¢) and the Fredholm eigen functions. We
obtain a further insight from the Dirichlet identities:

<1 and all eigen values of the corresponding homogeneous in-

—— 9
(5) ([ 76 orm@de=—{ 6 021y

=2nekv(c)3(c)—-schv(z)-é% Gz, C)ds,

and

(6) (|6 orh@d=-| 6 of ke

—2h (03O - | 7@ 26 s,

Here we use 6(¢) and 5(4’) as defined in (1.8). Identity (6) is valid in

spite of the logarithmic pole of G. at infinity since 7zv(z) vanishes there.
Adding (5) and (6) and using (1.6), we obtain

(7) SSBV Gz, Oh(2)dr= _SSDVG’(Z’ EWh(2)dr .
Putting

_A+1
(8) Pt

and using the boundary relations (1.5) and (d), we find:
(9) =], 76 oFhde+ || ree orms
D

=21e[A(0)3(C) — P A C)S(E)] -
Thus, finally,

_ 2me Y
a [ ree ormea = mea0-ph@ie)

_ ‘SSBVG‘(Z’ W hdr .
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The eigen functions 4,(z) connected with the Fredholm equation ap-
pear thus as the eigen functions of the integral equation in D:

(10) 1—;—”—“ PGz, C)-Th(2)dr=hC), CeD .
TEe D

Let G(z, £) be the ordinary Green’s function of D; obviously

(11) HDVG(z, &) P h(2)de =0

Hence we obtain for %,(z) the integral equation

(12) Leee (1 rie ¢)-rhede—h()
2me D

with the regular harmonic kernel
(18) Ka(z, C)=Ge(z’ C)—E G(Z, C) .
Let

(14) Gz, oo)=log 2| +7 +o(l ‘>

represent the Green’s function of D with the source point at infinity.
By (1.5) we have obviously

6G(z, ) 1+ 4, 0G(z, =) o 1+ 43
CONMWAC ds=1 2] () 2HE D) mgr T () =0,

We now define the linear space 3 consisting of all functions #(z)
which are harmonic in D, have a finite Dirichlet integral there and
satisfy the linear homogeneous condition

(16) Soh(z) ag(zrhi"_) ds=0 .

Observe that the only constant element in = is the function A =0.
All 2,(z) lie in Y; in view of (12) and the symmetry of K.(z, {) we may
assume that they are orthonormalized by the conditions

(17) SSDVhV-Vthr=6v,L

and it is easily seen that they form a complete orthonormal set in %
[3].

If we use the conditions (c) and (e) in the definition of G.(z, ),
we can show that the funection
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(18) Me)=Kdz, C)—1

lies in 2. Hence we have for it the following series development

(19) Gz, O)— <Gz, O)=7+ 3 PAPL) o7 | ceD.
v=1 14e¢p,

The Fourier coefficients in this development have been calculated from
(12); the series converges uniformly in each closed subdomain of D.

Suppose next & e D and consider the harmonic function

(20) Wz)=Gz, O)+G(, ©)—F.

It is easily seen that A(z)e 2. Hence we may develop %(z) into a series
in the complete orthonormal system #%,(z). Using (10), we find

(21) Gty O)=7—G(C, ©)~2re 3, P n@h(C).
v=11+ ep,
This series converges for ¢ e D and z in a closed subdomain of D.
Observe that by definition of G.(z, £) we have for e=1

1

(22) Gi(z, ¢)=log el

Hence (19) contains the following series representation for the ordinary
Green’s function of D:

— 1 - o S h(R)AQ)
(23) G(z, C)—~Io,<_2;l;__c| ¥ 27121 11p,

On the other hand, (21) reduces for e=1 to

(24) G(e, ) =logle—Cl+7 =27 5 2k (DR(C)

1+
In a similar way we can derive series developments for G.(z, ¢) in

the exterior D of C. Observe that in view of the boundary conditions
(1.5) and (1.6) the normalization (17) of the #4,(z) implies

(25) “Jﬁ%-VﬁMdr:p;l&,w .
D

Let 3 be the linear function space consisting of all functions 7(z) which
are harmonic in 1~), have a finite Dirichlet integral there and which
vanish at infinity. Clearly the {0Y?4,(z)} form a complete orthonormal
set in 5.
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On the other hand, let G‘(z, ¢) be the Green’s function of D. Then
it is easily verified that by condition (e) and (14)

(26) h2)=Giz, O)—G(z, O)+G(C, ©)+G(z «)—-F, 2 CeD,
lies in 3. Again using the Dirichlet formula (10), we find
(27) Gz, O)—Glz, O)+G(C, «)+G(z, ©)—F

= 2me i h(2) h(£)P} .
e,

Putting, in particular, e=1, we obtain by virtue of (22):

@8) Gz O—G(C, ©)—Clz, ©)=log T —%—%iw.
lz—¢| v=1 1+p,

We have thus shown that all dielectric Green’s functions can be con-

structed simultaneously and in D as well as in D, once the system of
eigen functions %,(z) and the corresponding eigen values 2, are known.
Numerous inequalities can be drawn from these representations.
We shall restrict ourselves to one single example. Denote, for £ e D,
1

(29) Gz, C)—elog—1—=ge(z, £), Gz, Q)—log ——=g(z, 0.
lz—¢| lz—¢|

The functions g.(z, ) and g(z, £) represent the potentials induced by a
unit pole at & in the presence of the dielectric in D, and in the pre-
sence of the grounded conductor C, respectively. We find from (19)

(30) 9:(C, O)—eg(C, O)=7 .

Since e¢-7 represents the electrostatic capacity of the conductor C, we
obtain an interesting estimate for the dielectric reaction potential in
terms of capacity constants connected with the conductor surface C.
For e=1, we have ¢,(, £)=0 and hence

(31) T=—9¢ 0.

This is an inequality connecting the inner and the outer Green’s func-
tion of C; in the case that C is a circumference and ¢ is its center,
this inequality becomes an equality.

Up to this point we stressed the connection between the Green’s
function G(z, ¢) and the eigen functions %,(2). Since the Fredholm eigen
functions appear also in the theory of the second boundary value pro-
blem, we should also expect some relations between the #%,(z) and the
Neumann’s function of the domain D.



THE FREDHOLM EIGEN VALUES OF PLANE DOMAINS 1201

The Neumann’s function is usually defined by its constant normal
derivative on C

(32) QIX%E’__Q:%Z?, 2eC, te D, L=length of C,
N,

and by the linear homogeneous side condition
(33) S Nz, C)ds,—0 , teD.
(2}

In order to operate within the class %, characterized by (16), we in-
troduce the functions

and
(35) W2)=N(z, {)—G(z, {)+alz)+a(l)

+ ___]‘___SS N(t, T)@.G._(é’h___oo).a.(?_(zl_?.i)dst ds.,.
47* JJcc on on

It is easily verified that A(z)e 2. Since obviously

(34) [ [8 =) 2,

the function «(z) is harmonic in D and has the normal derivative

" o BG(z, 00) 2r
34 gt . e, ©)_am .
(34) on on L’ el
Hence, finally, we have for ze C

(35") % _ _9G(z, ‘:)__ 5_(?!?, o)
on on on

and consequently in view of (16) valid for each A,(z):

(36) ”DVIz-V/m - -—Sgk,ggds=27zk,({) .

Since 4(z)e X and the A,(z) are a complete orthonormal system in
2, we have the Fourier development
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_ 1 0G(t, =)z, 1 0G(t, )
37 NG, 0)— Gz O)+ zﬂSCN(t, o> ds—l—anCN(t, 0Pl =)gq

+~1—;SS N(t, 920 2) G @) ge go 5 p()h(0)-27 .
4% J)Jeo on on y=1

This formula is useful to establish the exact asymptotics of the func-
tion Gi(z, ¢) as ¢ = 0 as can be seen from formula (19).

The dielectric Green’s functions G.(z, ¢) are closely related to a set
of interesting univalent analytic functions. In order to show this con-
nection we complete the harmonic functions G.(z, £) to analytic func-
tions in z. We will obtain, of course, two entirely different functions

when z lies in D or D. Let us denote the analytic completion of G.(z, €)

by Pz, ¢) if ze D and by IBE(z, ¢) if zeD. We want to show that for
fixed £eD

(38) FlR)=eVPeD | fi()— g Peld)

represent univalent analytic functions in D and D, respectively.

For the sake of simplicity, we shall assume in the following con-
sideration that C is an analytic curve. There exists, therefore, an
analytic function z=f(¢) which maps a neighborhood of a segment of
the real axis in the ¢-plane onto a neighborhood of a given arc of C.
The function G.(z, ) becomes a harmonic function g(¢) to both sides of
the segment. It goes continuously through the segment, but its normal
derivatives satisfy the discontinuity law

og . 09 _
(39) an-+ 5 0 for real ¢.
Let
(40) p(t)=P(f(t), C), DE)=P(f(2), ).

We find easily for ¢ in the segment and in view of the described dis-
continuity behavior of g(¢):

(41) R{p' @)} =R{D'@®)}, J{P@)}=3{D®)} .
We can combine the two relations (41) into the one equation:

1'!'»5f~/

(42) PR)==T P () + --Tfﬁ'(t)

This formula allows an analytic continuation of %(t) into the upper
halfplane and of p'(¢) into the lower. This proves that »'(¢) and 7'(f)
are still analytic on the segment of the real axis in the ¢-plane. Re-
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turning to the z-plane we can infer that the functions
Y d ~' — d ~
(43) Pz, {)=--Pdz, {), Pz, \)=—Pdz, §)
dz dz

are analytic beyond the curve C. Thus we proved that the two deter-
minations of the Green’s functions G.(z, ¢) are still regular harmonic on
C if C is an analytic curve.

We derive from (40) and (42) that

Ee(z—’c)._—-_—];—f,,s +e"2i"" 1»__'_.6 , a=arg i)’(t) .

44 -
9 Plz ¢) 2 2

Since we assume throughout ¢ >0, we see that the ratio (44) always
lies in the right half of the complex plane. This implies

(45) darg Pz, {)=4arg Pz, )

if 2z runs through the curve C in the positive sense with respect to D.
But by the argument principle we have

(46) darg Pz, ()=Z—P, darg Pz, {)=P—Z

where P, Z are the numbers of zeros and poles of P, in D and P, Z

have the same meaning with respect to P, and D. In case some zero
of P; should lie on C, we can deform the curve in such a way that it
does not contain any zero and draw the same conclusion in view of the
analyticity of P, and P, on C.

We know by definition that if £ e D we have

(47) P=1, Z>0; P=0, Z>1.
Hence, from (45), (46) and (47), we conclude
(48) Z-1<-1.

This is only possible if

(49) Z=1, Z=0.

Hence we can state that Pz, ¢) and 15;(z, ¢) do not vanish at any
finite point of the z-plane.
Consider now the system of differential equations (z=x+1y)

dx

dy
dt

__90 1
(50) = axGe(z, 0 6yGe(z, 0.

Along each solution curve z(t), y(t) of this system we have
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d dx\* | (dy\*
51 G t), =—[w+;> 0.
(51) L6t - (%) +(%)] <
We have just shown that no ecritical point exists where FG,=0. Hence
the net of solution curves covers the entire z-plane in a regular manner.
All curves start out from the point z=¢ and run towards infinity. Each
curve possesses the integral

(52) S{P(z, ¢)} =const. or Y{P.(z, ¢ )} =const. ,

according as it is considered in D or in D. From these facts it is
evident that the functions (38) have the asserted univalency properties

in D and f), respectively.

The importance of our result lies in the fact that the numerous
distortion theorems of univalent function theory are now at our disposal
in order to derive estimates of the various potential theoretical quanti-
ties connected with G.(z, ¢) in terms of the geometry of the curve C.

Let us observe, further, that for e=1 the function fi(z) represents
the identity mapping while for ¢=0 we conclude from (21) that

(53) fo(z)= e‘;-elg(”‘”)=z+cl+ G4,
z

is the univalent function which maps D onto the exterior of a circle

of radius e¢* and which has at infinity the derivative one. Thus we
can interpolate a continuous sequence of univalent mappings between

the identity map of D and its normalized mapping onto the exterior of
a circle.

The preceding considerations show clearly the significance of the
Fredholm eigen values and eigen functions for the dielectric problem
and the general potential theory of the curve C. A generalization of
most concepts to the physically more interesting case of three dimen-
sions is easily done.

3. The variation of the eigen values. The variation of the eigen
values A, under a variation of the curve C can be determined by using
the variational theory of the Green’s function and of the various kernel
functions connected with it [3]. In this paper we wish to give a
straightforward and elementary derivation of the variational formulas.

Let 2, be an arbitrary fixed point in D and consider the mapping

(1) R
Z—Zo
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For small enough « this will be a univalent mapping of C into a new
smooth curve C*. Let us denote its eigen values by 1F and its eigen
functions by wj(z). We have used various eigen function definitions in
the domain D; the wj(z) shall play the same role with respect to D*
(the domain bounded by C*) as the w,(z) defined in Section 1 played
with respect to D.

We have the integral equation

(2) w; (z*)—~~gm(wvg (€d )E) 2*e D* .

Let us define

(3) m@=wi(z+ © ) 1-2).

This is a regular analytic function in D since (1) maps D univalently
onto D* where wj(z*) is analytic. Using (3), we can rewrite (2) into
the simpler form

S Y AT (L)

We have thus referred all variables back to our original domain D, but
¥ and m,(z) appear now as the eigen values and eigen functions of an
integral equation with slightly changed kernel.

We may transform the new integral equation (4) by easy calcula-
tions into

Observe that by the definition (3) we have

(6) J§ m@rac={] wreras—1.

We have thus to determine the normalized eigen functions m,(z) to the
integral equation (5) which differs from our original equation (1.13) by

an a-term which can be estimated uniformly in z for z,€ D fixed.
Let us define the analytic function [3]

(7) L(z, C)*—;a Gz, C)~~(—?)z —Uz ).

It is well-known that for every function f(z) which is analytic in D and
for which SS \fPde < o holds
JJD
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(8) SgDL(z, OAC)dz=0 .

Hence we have the identity, valid for each such f(2),
1{{ _AO 4 T

(9) ;H G _z)zdr—ﬂbl(z, OFQ)ds .

Under our assumptions about the boundary curve C of D, it can be
shown that i(z, {) is continuous in both variables in the closed region
D+ C. Thus (5) can be put into the form:

0 m@-z|] e, -] O g,

while w,(2) satisfies the unperturbed integral equation

(1) w@=2|| e e

Now we can apply the general perturbation theory for regular
kernels [9] and state that the eigen functions m,(z) and the eigen
values A} are analytic functions of the perturbation parameters « and
« and can be developed in power series in them. For a=0, 2 will
coincide with 2, while m,(z) will then lie in the linear space spanned by
the eigen functions of (11) which belong to the unperturbed eigen value
A,

Let wi(2) (j=1, ---, n) denote the eigen functions belonging to 4.
We have the developments

(12) A5 =2, + |k, + O(laf’)
and
(13) my(z)= jf; Aw(2) + lelw(2) + O(lal) .

Inserting (12) and (138) into (10) and making use of (11), we find

(14) jg";A,wsﬂ(z):f;i iA‘jww(z) + IaIZ,SSDl(z, £ Cyde

N R | R G
@) — B 3 z|l, 20 g4 0(jap).

We multiply this identity with w{*(2) and integrate over D. We
use the orthonormality of the w$®(z), the symmetry of I(z, £) and the
integral equation (11). We also make use of the fact that by (1.36)
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1{{ @@ . VE=1,
(15) ;SSD(C_%)sz* “= Lo,

Hence we arrive at

Z*
(16) 4,=

A, + 20l {Sjnwg@(z)w’,(’zjdf}

v

+a™ B0 5 La0Gynd @) +0llat) , k=12, n.

v

Using the development (12) and comparing equal powers of |a| on both
sides, we obtain

(17) S{AIC}=O ’ Ak==rea.l, k:l, 2’ e, m.

Taking real parts in (16) and putting

(18) sgna= % —¢#,
x|
we find
(19) by At w(22—1) 3 A R{PTD ()P (@)} =0, k=1,2, -+, m.
Jj=1

Thus the possible values of k, in the development (12) of the perturbed
eigen value A7 are the eigen values of the secular equation

(20) det [|%,0 5+ m(4; — )R {eP{ ()P (20) | =0 .

In particular, if 2, is a simple (nondegenerate) eigen value, we
have the simple variational formula

(21) od,=la|- by = —n(3—1)R{aw,(2)"} .

Let us suppose next that we perform a variation (1) of the curve
C but now with z,€D. Since the mapping (1) is regular and univalent

in D, we can repeat the entire argument by interchanging the roles of
D and D. We thus find

(22) det ||£,0 i + (2 — )R {®Pwi?(20)wiP ()} || =0

as the secular equation for the &,-terms and

(23) 02, =lalk,= — (2 —1)R {aw,(z)'}

in the nondegenerate case. Formulas (21) and (23) exhibit the complete
symmetry of our theory with respect to D and D,
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We used the method of interior variations (1) in order to reduce
the variational problem for the 2, explicitly to the theory of perturba-
tion in classical integral equation theory. The formulas obtained are
also very convenient in various extremum problems regarding the 2, as
we shall show later. It seems, however, desirable to give also a varia-
tional formula for deformations of C which are described by the normal
shift én of each point on C. For this purpose we put

(24) R{m(4 — Dawi? (20w’ () }

=§n{%(zs—1)§ w“)(gi"z—(:)(—a } , weD.

Applying Cauchy’s integral theorem with respect to D, we also find

(25) 0=t{E(-1)f BB 4]

£—z,
Finally, we derive from (1.34) that
(26) (4= 1) {wP(Q)wi(C) — P (Cy(€)} ¢
=2R {25 ()wsP(0) — B (w0}
Hence, if we subtract (25) from (24), we obtain
(27) R A{n(2 — Dawi” (2)wi™ (z,)}
= fﬁo R{ABP(CNB5 (L) = B P ()WL)} on ds

where

(28) n= ER{-Z&— : “% }

represents the normal shift of C under the deformation (1). Thus the
coefficients of the secular equation for 61 have been expressed in terms
of on.

In particular, we have in the nondegenerate case in view of (23)

(29) o= AR (@AEYE™) = i) Pon ds
It can easily be verified from (1.84) that on C
(30) LR} — BR (P}

= = 2N {wiPwi®} + 2R {wPwiPC} .

Thus we may replace w by w in formulas (27) and (29); since transition



THE FREDHOLM EIGEN VALUES OF PLANE DOMAINS 1209

from D to D implies also a change of sign of the interior normal, the
end result is unchanged. Thus the variational formula of the Hadamard
type (29) is entirely symmetric with respect to the two complementary

domains considered. If we had chosen zoef), we would have obtained
the same end result (29).

We derived (29) in the case of a particular variation of the type
(1). But since a variational formula depends linearly and additively on
the variation, and since we can approximate general Jn-variations by
superposition of special variations of the type (1), we can extend (29)
to the most general case of a dn-variation.

The value of the variational formula (29) is of heuristic nature; it
shows the dependence of 2, on the gecmetry of C. For a precise study
of extremum problems it is preferable to apply the variational formulas
based on interior variations of the type (1).

We can derive, however, interesting monotonicity results by means
of (29). Let, for example, z=f(x) give the conformal mapping of the
unit circle |#|< 1 onto the domain D. Let C, be the image under this
map of the circumference |u|=v <1; and let A(r), w(z, r) denote, say,
the yth eigen value and eigen function of C,. We assume, for the
sake of simplicity, that A(r) is nondegenerate and then easily derive
from (29):

(29) Li==u§ e, S ds,

Ay m{% éﬂ e, du__} .

The function

F(u)=wlf(w), v}1£w)

is regular analytic for |u|<r»; hence the second integral in (29') vanishes
by Cauchy’s integral theorem and we obtain:

29) 2 tog 1(1)— ~ j F () s, < 0.
¥ [u]=r

The eigen values i(r) of the level curves C, are monotonically decreasing
if r increases.

For every function F(x) which is regular analytic for |u#|<_r holds
the obvious inequality

29) Jop@ras.=2{]  irwrae.

=7 ful<r
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Observe now that because of the normalization of w(z, ») inside of C,
the function F,(u) is normalized in the circle |u| < ». Hence, combining
(29”) with (29"’), we finally obtain

(29™) 4 <o,
dar

Since we have the trivial estimate (1) >>1 for every curve C, we then
derive from (29") the useful estimate

(297) =1t forr<i.
r

In order to apply the usual perturbation method of integral equation
theory we had to replace the integral equation (1.18) with singular
kernel by the integral equation (11) which has the regular symmetric
kernel I(z, £). The necessity for this transition becomes clear when we
consider the exceptional case that C is a circumference. In this case
(and only then), we have [(z, £)=0. The original integral equation
(1.13) has only the eigen value A= and each function f(z) which is
analytic in D is an eigen function.

In fact, suppose for the sake of simplicity that C is the unit circum-
ference z-z=1. We have

T

gi<i(g —z)F 2miJ wim c—z  2miJ -1 E—1

Gy 1 ” Q) 41 § ADE_1 §  CAQL
By means of the residue theorem we conclude therefore

(32) )| _f_(T)_dT:{

x V(g = z)

0 if |2]<1

Elf(;i_) i o> 1.

This equation proves our statement that 1= is the only eigen value
of (1.13) in this case and that it is of infinite degeneracy.

Our variational theory does not work in this exceptional case.
However, let [z,) >1 and C* be the image of [2|=1 under the variation
(1). We define its eigen function wi¥(z) and by (3) a function m,(z)
which is regular analytic in D. It satisfies the integral equation (5)
which, in view of (32), can be brought into the simple form

(33) m,,(z)= - ak 1 77%(‘1‘) ’ N=2,+

Gz—zy7 \7 2—z

Let
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(34) my2)=2 Myz) ;
dz

if we choose the right constant of integration in the definition of M,(z),
we can integrate (33) to the identity

(35) M(2)=—23M/(L(2)) ,
where

—_-le— R*T%
(36) L@=7 z2(z—2) +«

is a linear function of z. Thus we obtain a simple functional equation
for the eigen functions w}(z) and the eigen values A} of the varied
curve C*. « must be sufficiently small in order that the mapping (1)
be univalent in D; but we have not made any neglection of higher
powers of a and (85) will give the precise value of i}.

If we iterate (35), we obtain

(37) M(2)=12"M(A(z)) , A=L(L()) -

If 2, 2z, are the fixed points of the linear transformation Z=A(z), we
can write

Z—z z—z
38 L= T
(38) Z—2z, ‘ 2—2,

where |z,| <1, |2./>1. The eigen functions M,(z) are of the form

(39) M) =A,(222Y, y=1,2:-

and belong to the eigen values
(40) A=+,

Thus all eigen functions and eigen values of the curve C* can be calcu-
lated explicitly. An easy computation shows that for small values of ¢

(41) =1 oay
||

An analogous calculation can be performed if the unit circle is
transformed by a variation (1) with |2]<1. If we consider a super-
position of variations (1), we can still derive an asymptotic formula for
the eigen values A obtained. Thus we have shown that the eigen
values for nearly circular domains can be obtained asymptotically in



1212 M. SCHIFFER

spite of the fact that the circle has an infinitely degenerate eigen value.

We showed at the end of §1 that the eigen values of an ellipse
can be calculated explicitly. This result is a particular case of our pre-
ceding investigation since the exterior of the ellipse is obtained from
the exterior of the unit circle by a transformation (1) with z,=0 and
lae] < 1.

There are relatively few domains for which the eigen values and
eigen functions of the Fredholm integral equation are known. It is,
therefore, important to possess at least an asymptotic formula for the
eigen values of nearly circular domains which admits many arbitrary
parameters. Such formulas are particularly useful when one wishes to
test hypotheses with respect to the eigen values of general domains.

4. The variation of the dielectric Green’s function. In this section
we want to derive the formula for the variation of the dielectric Green’s
function G(z, ) defined in §2. It will appear that it possesses a very
simple variational formula which is quite similar to that for the ordinary
Green’s function of a plane domain. We shall again consider the in-
terior variation

(1) =2+ -

which transforms the curve C into a curve C* defining the two com-
plementary domains D* and D*. Let G#(z, ) be the corresponding
dielectric Green’s function to the parameter e.

If z,e D, the mapping (1) will be univalent and regular in D for
small enough «; hence the function

@ g @)
Z—2 {—2,

(2) Iz 0)=Gt(z+
will be harmonic in D. It will also be harmonic in D, except for the
interior of a circle of radius |«|* around the point z,. The function /".(z, )
will have logarithmic poles at infinity and for z=¢ as follows from the
definition of G.(z, ¢).

We consider now Green’s identity :

1 0G(t, &) _ 0l (t, 2)
(3) o J [ %0 O g, 0D s

=el"|(C, 2)0(0)—eGu(z, 0)(2) .

Observe that in view of the conformality of (1) on € the function
'z, £) has the same continuity (and discontinuity) property on C as
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the original function G.(z, £). Hence we may transform (3) into
(4) A D) -G, 03e=— 7| [ e, 92780
Tl on
_ oI'(t, )
Git, 0L 2) Jas,

Now we can apply Green’s identity with respect to the domain D after
removing from it the interior of the circle |¢—z,|=|a|’* which we denote
by ¢. Let us assume that neither z nor ¢ lie inside ¢; then (4) yields

(5) I'les 0=6er ==L | [ 1t 279489 6, P16 2) oo,

We have now fully utilized the boundary behavior of G.(z, £). The
evaluation of the c-integral follows exactly the lines of the calculation
for the ordinary Green’s function. We put for tec

(6) t=2,+ |a|?e!®

and evaluate the right-hand integral in (5) by power series development.
We define again two analytic functions of 2z, namely p.(z, ¢) and pi(z, ¢),
by

( 7 ) SR{Ps(z: C)} :Gs(z, C) ’ ?H{P;‘(z, C)} ’—_G;k(zy C) .
Further, let

(7)) Pz, =2 Pz, ), PXe O=2 P, ©).
dz dz
Then the usual calculations yield

(8) G (7%, )= Gz, O=NR{aP¥ (2, 2%)Fi(zo, O} +O0(laf).

Further series development leads to the simple result

(9) G 06z, O+Rfa| Pia, 9P O
8 PE A 0gar)

This is exactly the same variational formula as for the ordinary Green’s
function [12, 13]. It has been derived for ze D.

If we had chosen z € D instead of D analogous calculations would
have been applicable. We could start with
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1 - 0G(t, ¢) _ ol'.(t, Z)
(10) o[ [, 97648 O _g, 0?42 g,

=I'(¢, 2)8(0)— Gz, ©)3(z) .

7

Using the discontinuity of 6G on C, we find
n

(11) [T d(C, 2)3(C)—Gelz, €)3(z)] = — 21Tr S[ I, z)aGE(ffq; £)

—Gy(t, C)@fs(t’_z)}ds
on .
and by means of Green’s identity

(12) Az, =G O1== | (T h ~G. Jas

where ¢ denotes again the circle |z—z)|=|al">. In this case the same
procedure as before yields the result for z,e D:

(13) G, 0-Gle, O=R{a| LPia, 9Pl O)

Pyz, O _PL, Z)J}Jro(lam.

2—2 {—2%

Observe the factor -1 which is now introduced into (13) and causes
€

a slight change in the variational formula.

We have thus derived a very elegant variational formula for the
dielectric Green’s function; its significance is seen from the numerous
applications of its analogue in the case of the ordinary Green’s function
[12, 13, 14].

As mentioned in § 2, the function P.(z, ¢) consists in reality of two
analytic functions, say, P.(z, ¢) if ze D and Ps(z, Q)if ze D. The bounda-
ry behavior of G.(z, ) as described in § 2 implies for ze C

(14)  R{PUz, O} =R{PUz, 07}, J{Puz, OF}=J{Piz, ()%} .

We can combine the variational formulas (9) and (13) into the integral
form :

15)  G¥z O)—Giz ©)
L put, 2)Put, ©)—Put, DPUL ©)

5 Y A dtt +0(laP) .
{2777; ¢ t_ZQ }+ (lal)
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By use of (14) this can be simplified to

(16) 0G+(z, €)

1 (l..l)g [9@(% 2) 0G(t, €) _ 0G.(E, ) Q@(@il]gnds
. =

27\ ¢ 0s os on o7
with
1 «
17 on=9{ 1 } .

This is the Hadamard type variational formula for the dielectric Green’s
function which has been proved in a precise manner through use of our
interior variational method.

Since we can also write (16) in the form

(18) Gz, Q)

_1/1_ 9G(t, 2) 8G(t, ) | 1 8G(t, #) 0G(E, £) 75
277:<e I)So[ 0s 0s + e on on :lmds

it is evident that if ¢ € D the expression (G.(z, &)+ ¢ log |z—¢|),.; depends

monotonically upon the domain D while for ¢ e D the same is true for
(Ge(z, &)+ log [z—C]),-c. In a similar way many other expressions can
be constructed which have a definite factor of dnds under the integral
sign and which depend, therefore, monotonically upon D. The appli-
cation of Hadamard’s formula in order to obtain inequalities and com-
parison theorems for functionals connected with G(z, {) is obvious.

For e=1, we have Gz, {)=— log |z—¢| independently of the domain.

For this reason the factor (—1~—1> must occur in the variational for-
15

mulas (16) and (18).

We showed at the end of §2 that the mapping of a domain onto a
circle can be connected with the identical mapping by a one-parameter
family of univalent functions which are closely related to the dielectric
Green’s functions. For this reason it is of interest to compute the
derivative of G.(z, ¢) with respect to .

We start with Green’s identity and with ¢ >0, ¢ >0:

1 G 0G (2, ©) G . 0G.(z, 7) ;
2n§c[ @ 7) on (= O on :l )

Using the boundary relations of G, and G, on C and Green’s identity
with respect to D, we find
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@0 G& DG D 1 i)+ LS Gz, 720G O
e—e e 27e Jo on

Passing to the limit e=e, we then obtain

@ lae p-le 77)3(C)+»~1~S Gz, )07 @ Ogs |
I3 € 2mele on

The symmetry of this expression is more clearly exhibited in the form

7 1
(22) %Ga(c’ 77)= 27Z'EE§SVGE(z, C)'VGE(Z; O)dT .

D

This result could also have been obtained by straightforward calcu-
lation from (2.19) and its analogues.

It is obvious how numerous monotonicity results can be derived from
expression (22) by considering combinations with positive derivative.
This formula can also be used in order to develop G, in powers of e.
The formula is particularly useful in a more detailed discussion of the
mapping functions f.(z), defined in § 2; however, we do not enter into
this subject in the present paper.

5. An extremum problem for the Fredholm eigen values. We
shall now proceed to apply the variational formulas of § 3 to an impor-
tant extremum problem for the lowest Fredholm eigen value of a given
curve C. In order to explain the formulation of the problem considered
we start with the following observation. Let C be a three times con-
tinuously differentiable curve as was supposed throughout; if 2, is its
lowest eigen value we have shown that 4,>>1. Now let C* be a con-
tinuum which consists of all points of C plus a segment which has one
endpoint on C and the other in D; let iF be its lowest eigen value.
It can be shown that =1 however small the additional segment of C*
is; thus two curves in an arbitrary Fréchet neighborhood can have very
different lowest Fredholm eigen values.

The fact that 2, depends in this discontinuous way on its defining
curve C makes it difficult to frame significant extremum problems for
it. The side condition on C of three continuous derivatives is, on the
one hand, somewhat unnatural and, on the other hand, hard to preserve
under variation. We shall restrict ourselves, therefore, in this section
to the consideration of analytic curves, but even in this case 1, can
come as near as we wish to 1. In fact, formula (1.45) shows that we
can find ellipses with 1, arbitrarily near 1. We have, therefore, to
sharpen the concept of an analytic curve by introducing the concept of
uniform analyticity of a curve. A curve C is called analytic if it is
mapped by a regular univalent function z=f(¢) from the unit circum-
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ference |¢|=1. f(¢) must be regular and univalent in some circular ring
r<_|¢]| <R with <1< R. The class of all curves C which are analy-
tic and belong to functions f(¢) which are regular and univalent in a
fixed ring (r, R) shall be called the class of uniformly analytic curves
with the modulus of analyticity (r, R).

Because of the normality of the family of univalent functions in a
fixed region the concept of uniform analyticity lends itself easily to the
construction of significant extremum problems. In particular, let us ask
for the minimum value of A, within the family of all uniformly analytic
curves with modulus (r, R).

We may consider our problem as an extremum problem on univalent
functions. Given the class of all functions f(¢) which are regular and
univalent in » <|¢|< R, to find one in the class which maps the unit
circumference onto a curve C with minimum 4,. The existence of such
a function follows easily from the usual normality arguments and we
proceed at once to characterize the extremum function by varying it
and comparing it with nearby competing functions.

Since the curve C mapped by the extremum function is analytic
and since its 4, is obviously finite, the lowest eigen value can have only
a degeneracy of finite order. Let w{®(z), ---, w{™(2) be a complete and
linearly independent set of eigen functions belonging to 4 in D, while
W), -+, 0, (2) are the corresponding eigen functions in D. Suppose
that the image of |¢|=# forms a continuum I” in D while the image of

|cl=R forms the continuum 7" in D. Let 2 € f; there exists an infinity

of analytic functions which are univalent outside of the continuum I
and which have a series development [11]

(1) PRTT D
v=1(2—2y)

which converges for |z—=z| > p. The coefficients a, of this development
are uniformly bounded

(2) la, | << 4+

and p is a positive parameter which can be chosen arbitrarily small.

Let us insert the extremum function z=f({) into (1); we will thus
obtain an infinity of competing functions regular and univalent in
r<|¢]| <R of the form

3 *(p) __altoz 2y
(3) FO=AO+ 2 alp)

They define curves C*, the images of |¢|=1 by f*(). If i¥ denotes
the lowest eigen value of C¥*, it defines a root of the secular equation
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derived in (3.20):
(4) det [[04;+ 8, + 7( 21— 1)R {@,0" " (20)( (2,) } | =0

with 04, =2F—21,+0(0?). 01, is the lowest root of (4); on the other hand,
we conclude from the minimum property of C that

(5) 0k = o(p?)

and this holds, a fortiori, for all other roots of (4). Hence we can
assert that the quadratic form

(6) Q)= 3 RapdP @)@ t:
satisfies the inequality

(7) Qu(t) = o(¢?)

for every choice of the unit vector ¢, ---, ¢,. Dividing by p* and pas-
sing to the limit p=0, we obtain

(8) %{alji zbgn(zo)ﬁ-;“w)tjtk} <o.
1
In particular, we obtain
(8) R{aw(z)} <0, w(z)=w"(z) .

This inequality holds for every choice of the univalent variation function
(1). We now apply the following theorem [11, 14]:

If for every point z,¢€ I' and every univalent function (1) holds
(9) R{as(z)} <0

where s(z,) s regular analytic on f’, then [’ itself is an analytic curve
2(t) which satisfies the differential equation

(10) (%) ste(1-1.

Hence we can deduce from (8') that I" satisfies the differential
equation

(11) (Z—i)zzb[z(tﬁ:l .

In exactly the same way we prove that the extremum function f(¢)
maps the circumference |¢|=7» onto an analytic arc- I” which satisfies the
differential equation
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(12) (gi)zw[z(t)]g:l.
Let us put
(13) #p)=[(re?) ;

if ¢ runs from 0 to 27 the image point 2(¢) will vary over I'. We
deduce from (12) the inequality

(14) CrEYwlAOr <0 for [{]=r. .

Similarly, we derive from (11) the inequality

(15) S (EywlAQr <o for |(|=R.
We introduce the analytic functions

(16) AQ)=Cf (QuwlADL: BQ=L (QwlAL].

Clearly, A(¢) is regular analytic in the ring domain r <|¢| <1 while
B(Z) is regular analytic for 1 <[|¢|<R. (14) and (15) can be expressed
as CL T,

(14") A(¢)=imaginary for |C|=r

(15") B(¢)=imaginary for |{|=R
while equation (1.34) leads to

. 1 7Y -
(17) _%A(C)-V——_,if— 1[19(C)+ 4B(L)] for [(|=1.

We have by the Schwarz’ reflection principle in view of (14') and
(15"):

(18) AD=— A(lg) , BO—-- B(fg) :

Now we can rewrite (17) into the form
(19) — 1A =(A—1)""[B() — LB(RC)] for |£|=1,

since £=¢-! for |¢|=1. By (18) we see that A(¢) is analytic in the ring
r*<|¢| <1 while B(¢) is analytic for 1<|¢|<R’. From (19) we can
continue B(¢) into the ring &k <|¢| <1 where k=max (%, R~*). By (18)

again B(¢) is, therefore, analytic in the ring k& <|¢|<C IZ—Z and by (19)
we may continue A(f) beyond the unit circumference. Thus A(f) and

B(¢) are certainly analytic for |(|=1. The interrelation between A(Z)
and B({) is, however, best understood by the use of Laurent series
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development.
We put

(20) AQ=i 3 al", BO)=i 3 bl

= —co Nn=—oco

and are sure that both series have a ring of common convergence
which contains the unit circumference. The functional equations (18)
are reflected in the coefficient relations

(21) =", b_,=b,R™ .
On the other hand, a comparison of coefficients in (19) yields
(22) — i, = (A —1)""*(1—- 4, R*"™)b, .
If we replace » by —» and apply (21), we also find
(23) i, = (1 —1)"(R™ — 2)r=*"b,, .
But (22) and (23) lead obviously to the alternative

_ 7.21& _I__RZTI.
1+(rR)y™

(24) a,=b,=0 or 1

Thus A(¢) and B(¢) are necessarily rational functions and the possible

values of 2, are restricted to the various values in (24) for integer n.

Observe that n=0 is excluded since A, is surely greater than one. It

is sufficient to consider only positive values of » since —n yields the

same A-value as +n. We may put equation (24) into the form
A—1_R"—1 1—p™

(25) AL
A1 Rl 14

This form makes it evident that the minimum value of A, for fixed r
and R is attained for n=1. Hence, for the lowest eigen value 4, which
belongs to a uniformly analytic curve C with the modulus (r, E), we
have established the inequality :

4R

(26) 12—“1—;(*;&5)—1 .

In order to conclude the investigation we have to show that there
exists, in fact, a curve C within the class considered for which equality
is attained in (26). This curve can be found by a careful analysis of
the variational conditions (11) and (12). At first we shall state the
nature of an extremum curve C and compute its 4,-value from its defi-
nition. Later we shall show that C is uniquely determined up to linear
transformations,
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Let us consider the z-plane slit along the linear segment —ip, +ip
of the imaginary axis and along the segments |z| > 1 of the real axis.
Every circular ring » <|¢|<R can be mapped on such a canonical do-

main; the real parameter g depends on the ratio R. For reasons of
r

symmetry we can obtain that the points {=R and ¢{=—R are mapped
into z=1 and z=—1, respectively, while the points ¢=4r and = —ir
go into ¢# and —ig. The mapping function f(¢) has the symmetry
properties :

(27) fO=A0), —-AO=A-0),

and is uniquely defined. Let C be the image of the unit circumference
Z|=1 under the mapping z=/(£). We want to prove that C is the re-
quired extremum curve.

We denote again the interior and exterior of C by D and D, re-
spectively. Observe that the functions

(28) wa@=a e+ =00, e=F)
Cn
are regular analytic in the entire domain D while the functions

~ . " Rl'n P
(29) W=B.(c +15) (=1(2)

are regular analytic in D. Let us define the eigen functions of D and
D by

(30) wn<z):gé W), bae)= gz W) .

Differentiating (28) and (29) with respect to £, we find

v _ n __ (___,rz)n
(31) WAL Q=& =20
and
(32) BLAOW©Oc=nB, (¢ =E7)

The boundary conditions (1.34) for the eigen functions of D and D will
lead to the requirement

(33) —id(e" —(—'T?ji)")=(x: — 1 B, (cr -—‘Z;;n)-[-}nﬁn( 1omo)]
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for |¢|=1. This can indeed be fulfilled by satisfying the conditions
(34) —iA,(2%—1)2=B,—1,R"B,

- iAn( - ,}.Z)n(li - 1)1/2=B"R2n - Aan

which is always possible if and only if

(35) p= = (=)
L= (="

Conversely, it is evident that the values A, determined by (35) for

n=1, 2, --. lead to actual eigen functions for the domains D and D.
Observe, in particular, that

(36) p=1rr

1+ r*R?
which verifies that C is indeed an extremum curve and that our esti-
mate (26) is the best possible one.

There remains finally the uniqueness question relative to the ex-
tremum curve C. In order to answer it we return to the functions
A(%) and B(¢) connected with the extremum function f({). Since we
know now that in their Laurent development all coefficients vanish ex-
cept for a,, a_, and b,, b_,, we have by (16), (21) and (22)

’ v o /"2
(36) CFOuAOI=ia(C+7)
and

TN . Vi
(37) e @pLAe=ib(c )
with
(38) a2 —1)"=(LR*—1)b, .

We made the unessential assumption that a, is real which leads to the
consequence that b, is pure imaginary.
We integrate (36') and (37) and find

39) WiA—in(c=") , WA= (c+£)

where W(z) and W(z) are properly chosen integrals of w(z) and (z).
The function W(z) is single-valued in D; f(¢) is regular analytic on
¢|=r and can be continued somewhat beyond this circumference. It
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will take values near the continuum I” after this continuation; but these
values in the z-plane were already attained for some values ¢ in [¢| > 7.
Hence W[ f({)] must take the same values for |¢| somewhat larger than
r and for some || less than 7. From (39) we recognize that these
corresponding ¢-values must be connected by the equation

(40) L——=0——.

Hence we proved the functional equation for f(¢):
—r(-

(4 FO=f(=%).

In exactly the same manner we derive from the second formula
(39) the functional equation

(42) fO=1(%) -

We know already that the extremum function f(¢) will remain an
extremum function after a linear transformation since we showed at
the end of §1 that 2, does not change under linear transformations.
Hence we may assume without loss of generality that

(43) Sr)=0, f(R)=1, fliR)=c.
From (41) and (42) conclude then that
(44) A=r=0, f(—iR)=o

and in view of the univalent character of f(¢) in »<|¢|< R we con-
clude that f(¢) has simple zeros and simple poles at these points. It is
now easy to obtain for f(¢) a product representation in terms of its
known zeros and poles in the entire ¢-plane and to identify it with the
function which maps the ring » < |¢|<R on the above described slit
domain. This completes the uniqueness argument.

Let us return to the inequality (26). An important special case
deals with all uniformly analytic curves with the modulus (7, o). This
is the class of curves which are images of [¢|=1 mapped by functions
which are regular and univalent for |¢| >». We find the estimate

(45) L=r2
and the extremum curve in this case is the ellipse C which is obtained
from |¢|=1 by the mapping

46 —c+7 .
(46) zCC
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This follows directly from (1.45) as well as from our preceding character-
ization of the extremum domain. The inequality (45) can also be easily
derived from the estimate (3.29%); thus this particular result could have
been proved by means of a Hadamard type variational formula.

As for the class of uniformly analytic functions with the modulus
(0, R), we have analogously the estimate

(47) h=> R

The extremal curve C is obtained from the unit circumference by the
mapping

(48) — 2BC

R+
This mapping is best understood if we consider the intermediate step
(49) 77=R'2C+741,

which maps the unit circumference onto an ellipse with 2,=R? and the

circumference |;|=R onto the linear segment —}23, §> The ad-

ditional linear transformation z= zi?* does not affect the eigen values
7
and leads to a regular univalent function in [£]|</R. We could have

obtained the mapping (48) also as a special case of the preceding
characterization of the extremum curve C.

6. Concluding remarks. We have restricted ourselves in the pre-
sent paper to the case of simply connected domains. It is possible to
extend a considerable amount of the results to the case of multiply-
connected domains [3, 10, 14]. The investigation becomes, however,
more complicated for two reasons. First, we will have a larger number
of complementary domains and, second, we will have additional eigen
functions belonging to the eigen value one. In fact, let C, C,, ---, C,
denote the n components of the boundary C of the domain D; let w(2)
be that harmonic function in D which takes on C, the boundary value
0y.. Then it is easily seen that

(1) w(2)=i? w,(2)
0z
will satisfy the integral equation

(2) w(2)—= %_SSD%_%@&.
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All other eigen functions of the integral equation (1.13) belong, how-
ever, to eigen values which are larger than one.

The concept of the dielectric Green's function carries over to the
case of higher multiplicity and analogous series developments in terms
of the eigen functions of the Fredholm integral equation are possible.
Likewise, the different variational formulas can be extended to multiple
connectivity. But, clearly, it will be wuch more difficult to draw simple
conclusions from these formulas. One has only to consider the great
use made in the preceding section of Laurent series developments in
order to appreciate the great simplification introduced by the assumption
of a simply connected domain.
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