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AN OPTIMUM CUBICALLY CONVERGENT ITERATIVE
METHOD OF INVERTING A LINEAR BOUNDED
OPERATOR IN HILBERT SPACE

M. ALTMAN

1. In paper [1] we considered a power series method of inverting
a linear bounded operator in Hilbert space. This method is actually
an iterative method with the same speed of convergence as a geometric
progression. A product of two linear operators we shall call briefly
a multiplication. Thus, in general, a power series approximative method
has the following two properties:

(1) at each iteration we use one multiplication;

(2) the convergence is linear.

In paper [2] we considered an iterative method of inverting an arbitrary
linear bounded operator in a Hilbert space. This method requires two
multiplications at each iteration step, and the convergence is quadratic.
In the present paper we give an iterative method of inverting an
arbitrary linear bounded operator in a Hilbert space. This method
requires three multiplications at each iteration step and is cubically
convergent. Thus, the quadratically convergent method which requires
two multiplications at each iteration step may be called the iterative
hyperpower method of order two. Analogously, the cubically convergent
iterative method which requires three multiplications at each iteration
step may be called the iterative hyperpower method of order three. The
following two problems arise now in a natural way:

(1) Is it possible to construct an iterative hyperpower method of
any degree?

(2) To give a comparison of the hyperpower methods of different
degrees, and to answer the question whether there exists an optimum
method. As a criterion for a hyperpower method to be better we can
assume the following:

The method I is better than the method II if after some iteration
steps using the same amount of multiplications for both methods, the
method I gives better accuracy. In this paper we construct a certain
class of iterative hyperpower methods and for this class the answers to
both questions mentioned above is positive. It turns out that the opti-
mum method of this class is the iterative hyperpower method of degree
three.

Let A be a linear (i.e. additive and homogeneous) bounded operator
with the domain and the range in a Banach space X.

Let us assume that the operator A is non-singular, i.e. A has an

Received October 5, 1959. Based on research supported by O.N.R., U.S.A.
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1108 M. ALTMAN

inverse A™' defined on the space X. Let us suppose that the linear
bounded operator R, is an approximate reciprocal of A. Suppose also
that R, satisfies the following condition

(1) II-AR\||=a<1,

where I is the identity mapping of X
Let p be any positive integer such that p» = 2. We shall construct
an iterative hyperpower method of degree p with the following property

(2) I—- ARn+1 = (I— ARn)p ’

where (R,) is the sequence of the approximate inverses of A. It is easy
to see that this sequence can be defined as follows

(3) Rn+1:Rn(I+ Tn+Tﬁb+'-.+T17:/_l),
where
(4) Tn:I_ARn, /}’[,:1’2,...

Multiplying both sides in (3) by A we get by (4)
ARyy=(I— T+ Ty + Tit ooe + T3 =1— T4,

Hence we obtain the relationship (2).
Thus, we have the following theorem.

THEOREM 1. The sequence of the approximate inverses R, defined
by formula (3) converges in the morm of operators toward the inverse
of the non-singular operator A, provided that R, satisfies condition (1).
The error estimate is given by the formula

(5) | A = Ry ] < || A Ja”
or

1 a
(6) 14 RnﬂlléllRlHl_a

Proof. Formula (2) gives by induction

(7) AR,.,=1—T".
Hence we get by (7)

(8) R—R,.,=RT"
or

(9) R—R,,=R(I—-T)y>T7".
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Formula (5) follows from (8) and formula (6) follows from (9).
For p = 2 formula (3) yields

(10) R,.,=R,(2] — AR)) .

This case was considered in [23]. For p = 3 we get
(11) R..=R(I+({— AR, + (I AR,))
or

(12) R,.. = R,(3I — 3AR, + (AR,))

Thus, we have a class of methods with the property (2).

The question is now if there is an optimum method in this class of
methods. To compare two methods we shall use the criterion mentioned
above, i.e. the method is better if using the same number of multipli-
cations gives a better accuracy.

Let p and ¢ be two different positive integers. Consider the corre-
spondings methods M, and M, defined by the formula (3). At each itera-
tion step the method M, takes p multiplications and the method M,
takes ¢ multiplications in the sense defined above. Suppose that after
a certain number of iteration steps which is different for both methods
we get the same number of multiplications which is equal to

(13) mp = ng .

Then in virtue of (5) the accuracy of the methods M, and M, is given
by the exponents p™ and ¢" respectively. Suppose that

"™ > q" .
Then we have by (13)

> q,
where

S = ﬂ)_

q

Hence, we have
(14) > g,

The inequality (14) shows that we obtain the optimum method M, for
p such that the function pY*(p = 2, 8, ---) achieves its maximum. This
is the case when p = 3 since the maximum of the function

y=a", x>0

is attained at x = e.
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2. We shall now apply Theorem 1 in order to find the approximate
inverse of a linear bounded operator in a Hilbert space. Thus, we sup-
pose that X is a Hilbert space H and A is a non-singular linear bounded
operator with the domain and the range in H.

Let us begin with the case when A is a self-adjoint and positive
definite operator, or, more precisely

A*¥ = A,
where A* is the adjoint of A, and A satisfies the condition
m(z, x) < (Az, ) < M(w, x) ,

where 0 < m < M, and m, M are the minimum and maximum eigen-
values of A respectively.
Consider the linear operator.

T,=1—aA, I<a<2/M.

In virtue of the critical value theorem' we have

M—m .
13 S| Tll=a, <1 if 0<a<2/M.
(13) M+m"” I <1 if 0<a<2

The minimum of the norm || 7, || is equal to

M—m
14 c — Tw =
(14 a =Tl ="

and is reached precisely at the critical value a, of A, i.e. for

2

a=q,= .
M+ m

Thus, we get the following theorem.

THEOREM 2. Let us suppose that A is a self-adjoint positive de-
fined linear operator. If

(15) R =al for 0<a<2/M,

then the sequence of operators R, determined by the iterative process
wn (3) converges in the norm of the operators toward the inverse of A.
The error estimate is given by the following formula
(16) | A" — R, || = L az"

m

1 See [1), (2]
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or
(17) 47— R, || £ T2,
where a, = || T,||. The convergence is best for the critical value of

A,ie. for a=a,=2/M+ m. In this case a, in formulae (16) and
(17) should be replaced by a, defined in (14).

Putting »p = 3 in Theorem 2 we get the theorem for the optimum
method. Thus, we have

COROLLARY 1. The iterative process defined by the formula (11) or
(12) converges cubically toward the inverse of A provided that R, is de-
fined by (14). The error estimate is given by formula (16) or (17),
where p = 8. The convergence is best for the critical value of A, i.e.
for a =a, =2/M + m. In this case a, in formulae (16) and (17) should
be replaced by a, defined in (14).

REMARK 1. The convergence of the iterative process is uniform with
respect to « for any closed interval contained in the interval 0 < a < 2/M.
Let us observe that « in (15) can be replaced by any number 1/K, where

K is greater than || A||]. However, the convergence is faster when K
is smaller. If the operator A is defined by a matrix
(18) A:(aij) i!jzlyzy"'yk

satisfying the conditions of Theorem 2, then K can be replaced by any
of the following numbers

3 ] 3 1/2
(19 max $ilagl; max Sylayl; (3 la,l)
13 J=1 J i=1 1,J=1
However, the convergence is faster when K is smaller.

3. We shall now consider the general case when A is an arbitrary
non-singular linear bounded operator in H.

Since the operator AA* is self-adjoint and positive definite, we have
the following inequalities

mi(x, ¥) = (Ad%x, ) = M*(x, ) ,

where 0 < m® < M? and m? M*? are the minimum and the maximum
eigenvalues of AA* respectively.
Let us consider the linear operator

T, =I— adA*, 0<a<2/M.

Using the same argument as in §2, we get the following inequalities
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instead of (13).

M? — m? .
20 = " <|IT — 2
(20) M2—l—m2_” Wl =a, <1 if 0<a<2/M?.

The minimum of the norm || T, || is reached at

a:ac:_z_
M? 4+ m?
and is equal to
2 a2
1) 0 =T, =L =m
M? + m?

Thus we obtain the following theorem.

THEOREM 3. If
(22) R =aA* for 0<a<2/M*,

then the sequence of operators R, determined by the iterative process
i (3) converges in the norm of the operators toward the inverse of A.
The error estimate is given by the formulae (16) or (17), where a,
should be replaced by the expression in (18). The convergence is best

for

2

i o

For the error estimate in this case a, in formulae (16) and (17) should
be replaced by a, defined in (21).

Putting p = 3 in Theorem 3 we get the theorem for the optimum
method in general case. Thus we have

COROLLARY 2. If R, is determined by (22) then the iterative
process defined in (11) or (12) converges cubically toward the inverse of
A. For the error estimate we have the formulae (16) or (17), where
p = 3. The convergence is best for the critical value of AA*, i.e. for

o 2
a—ao————Mz+m2 .
In this case a, in formulae (16) and (17) should be replaced by a, de-
termined in (21).

ReEMARK 2. The convergence of the iterative process defined by
Theorem 3 is uniform with respect to @ for any closed interval contained
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in the interval 0 < a < 2/M?*. Let us remark that « in (22) can be re-
placed by any number 1/K, where K is greater than || A||>. However,
the convergence is faster when K is smaller.

If the operator A is defined by the non-singular matrix in (18), then
for K we can take any of the numbers in (19) with the matrix AA*
replacing the matrix A. We can also take for K any of the squared
numbers in (19).

The table below shows the difference in rate of convergence between
the following three method: I, II, III, where

I is the power series method considered in [1] (see page 52)
II is the quadratically convergent defined in (10)
IIT is the cubically convergent optimum method defined in (11) or (12).

Number of Iterations Number of Multiplication Accuracy (a < 1)

I I I I n 11 1 I I
6 3 2 6 6 6 a5 ad a®
12 6 4 12 12 12 a2 gt a8l
18 9 6 18 18 18 als as12 a’®
24 12 8 24 24 2 gt @ins o561
REFERENCES
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CRITERION FOR #TH POWER RESIDUACITY
N. C. ANKENY

The Law of Quadratic Reciprocity in the rational integers states:
If p,q are two distinct odd primes, then ¢ is a square (modp) if and
only if (—1)*%p is a square (mod q).

One of the classical generalizations of the law of reciprocity is of
the following type. Let » be a fixed positive integer, ¢(r) denotes the
number of positive integers < r which are relatively prime to ;p,q
are two distinet primes and p =1 (mod 7). Then can we find rational
integers a,(p), a,(p), +--, a,(p) determined by p, such that ¢ is an rth
power (mod p) if and only if a,(p), ---, a,(p) satisfy certain conditions
(mod g).

The Law of Quadratic Reciprocity states that for » =2, we may
take a,(p) = (—1)*"7p.

Jacobi and Gauss solved this problem for » = 3 and r = 4, respective-
ly. Mrs. E. Lehmer gave another solution recently [2].

In this paper I would like to develop the theory when 7 is a prime
and ¢ =1 (mod r). I then show that ¢ is an rth power (mod p) if and
only if a certain linear combination of a(p), :--, a,_(p) is an rth power
(mod q). a,(p), +--, a,_(p) are determined by solving several simultaneous
Diophantine equations. This determination appears mildly formidable
and to make the actual numerical computations would certainly be so
for a large ». (See Theorem B below.) Also given is a criterion for
when 7 is an rth power (mod p) in terms of a linear combination of
a,(p), « -+, a,_(p) (mod r?). (See Theorem A below.)

It is possible by the methods developed in this paper to eliminate
the conditions that # is a prime and ¢=1 (mod ). This would com-
plicate the paper a great deal, and the cases given clearly indicate the
underlying theory.

Consider the following Diophantine equations in the rational integers:

(1) TEX%— <§XJ>2:(T—1)]0"'2

(2) PX, X, = SOX,X, =2 ’”;1,

where >,{® denotes the sum over all 5, «++, 5,1, =1,2, +«+, r — 1, with
the condition 7, + ++« + J, — kjr1s = 1 (mod 7).

Received April 24, 1959; in revised form January, 1960. This research was supported
by the United States Air Force through the Air Force Office of Scientific Research of the

Air Research and Development Command, under contract No. AF 18 (603)-90. Reproduc-
tion in whole or in part is permitted for any purpose of the United States Government.
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1116 N. C. ANKENY

(3) 1+ZX, ZJXJ~0(mod’r)

(4) not all of the X, =0 (mod p) and
SHXy e Xy — 20Xy 000 Xy, , =0 (mod pm*)

for k=20, r—2;9=1,2, -+, r — 1.

We shall prove in §II that there exist exactly » — 1 distinet in-
tegral solutions of the equations (1) through (4). In particular let {X, =
a;,5=1,+++,7 — 1} be a solution. Then we prove that the a,p) = a,
satisfy our residuacity criterion, namely

THEOREM A. 7 is an rth power (mod p) if and only if

TZ_ljaJ + —;— ra,_, = 0 (mod 7?) .

=

THEOREM B. If g =1 (modr) and h is any integer such that h*
is the least power of h which is =1 (mod q), then q is aw rth power
(mod q) if and only if >.izial is an rth power (mod g).

At the end of §II various special cases are considered.

In particular, for ¢ = 2, r = b5, then 2 is a quintic power (mod p)
if and only if a, = a,_, (mod 2),5 =1, 2.

For ¢ = 2,r =7, then 2 is a 7th power (mod p) if and only if ¢, =1
(mod2), 1 =1, -.+,6.

Let » = 3. ‘Then the solutions to the Diophantine equations (1) to
(4) are (a,, a,) and (a,, a,), where

(5) p=a— a0 +a,a=a=1 (mod83).
Multiplying (56) by 4 and grouping terms gives
4p = (a, + a,)’ + 3(a, — a,)* .

Let L= —a, — @y, M = (a;, — a,)/3. This gives the representation
which Lehmer employs:

4p =12+ 2TM*, L =1 (mod 3) .

Theorem A states that 8 is a cubic residue (mod p) if and only if
a, = a, (mod 9). This, in turn, is equivalent to M being divisible by 8,
the condition quoted by Lehmer.

I. Notation. 7 denotes a prime number, &, a primitive rth root of
unity, @ the rational numbers, Q(¢,) the cyclotomic field over @ generat-
ed by §,. For3=1,2,.--,7 — 1,0, are the automorphisms of Q(¢,)/Q
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such that ¢,¢,) =&, o7'(¢,) = ¢, where 77’ =1 (mod 7). p denotes a
positive rational prime =1 (mod r), and X, = X will be any primitive rth
power character (mod p).

9(1) = S um)gs

will be the Gaussian sum associated with %,. <{a> denotes the fractional
part of a; i.e., (&> = a — [a].

Lemma 1. (i) (g =p,
(i) 909X ™) e, ,
(iii) g(0)" €Q(S,), and
(iv) o9(0)") = g(X*)
for k=1,2,+,r — 1.

Proof. (i) is the classical result about the absolute value of g(X)
and can easily be deduced from the definition of g(X). (ii), (iii) and (iv)
follow from Galois Theory using the relation >122% x(n)er' = x(t) 'g(X) for
any integer t prime to p.

LEMMA 2. There exists a prime ideal p in Q(é’,) dividing p such
that (g() = Sj-4a7yem,

Conversely, given any prime ideal p, in Q(&,) dividing p, there
exists a k such that

@0 = % 079l

Proof. Lemma 2 is a result of Stickelberger. For a proof see Daven-
port and Hasse [1]. See especially the elegant proof on page 181-2.
In Q(¢,), the ideal (r) = (1 — &),

LemmA 3. 1—-8)A —¢)7=¢ (mod(1 —¢)) and r(l — )"+ =
—1 (mod (1 —¢,)) for (¢, r)=1.

Proof. The first fact follows as

A-e)1—g) ' =Sg=51=t (md(—¢).

J=0

-

The second follows from Wilson’s Theorem as

r(1 =gy = (A - )a -

A=A —g) =@ —1l=—1(mod (1 — &) .

J=1
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THEOREM 1. For any t not divisible by r,
9y +1=r1 — x(r)™*) (mod (1 — &)™),
and consequently, X(r) =1 if and only if
9’y +1=0 (mod (1 —£,)™*) .
Proof. As

p—1
901) = S Amez
the binomial theorem yields

—g0y = (~S & + S0 - 2mE) = @+ S0 — 21mgy
=147 50— 2 + S~ Wy @mod (L — 5™,

as all other terms are divisible by at least »(1 — ¢,). By Lemma 3, if
Xn) =1, 1 — X)) 7*= —r (mod (1 — &,)), and clearly, if x(n) =1,

1 —=Xm)) = —r@ — An)) (mod (1 — &,)*").
Thus,

—g(y =1+ (S (1 = 2wz — (@ — 2Ey)
=1+73 1= X0 — (1 — )y
=1—r—x(r)7) X xn);
=1—r1-xr)")XE
=14 r1 — x(r)™) (mod (1 — &)™) .

By (iv) of Lemma 1,
=gy = —o(9(0)) =1 + r(1 — 2(r)™*) (mod (1 — &)™),

which completes the first statement of Theorem 1. The second state-
ment in Theorem 1 then follows immediately.

Let g denote any positive rational prime other than 7, f the least
positive integer such that ¢ =1 (mod r), and ef = — 1. Then in Q(&,)
the ideal (¢) = A, 2, --- A, where the 2, are prime ideals and
(6) Norm (2,) =¢” .

Q.0

In the following let 2 be any of the e prime divisors 2,, 7 =1, «--, e.

THEOREM 2, Let q,p, and r be distinct.
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Then

(7) 9" = x(¢)™’ (mod g) .
Consequently x(q) = 1 if and only if

(8) gy = B (mod A) for some BeQE.) .

p—1 (If
Proof. g()" = (ElX(")é‘;‘)
= :Z:xm)q’ = (mod g)

= 3 )’ (modg), as rl¢’ — 1,
= 2(¢) "9(x) (mod q) .

Multiplying both sides of the above congruence by g(x), and noting
(i) of Lemma 1, yields

I

pg(0)” = 2(9)~'p (mod g) or g(x)” = %(g)~" (mod q) ,

as p and ¢ are distinct primes. Hence, we have proved (7).

Note that as 7»|q” — 1, (7) becomes a congruence in Q(£,). As
flr—1,(f, r) =1, we have by (7) that x(g) = 1 if and only if g(x)‘*"1 =
1 (mod 20).

(Note that 1 — &&= 0 (mod 2) unless ¢ = 1.)

If g(x)" = B" (mod A) for some B e Q(,), then

g7 = B = 1 (mod )

by (6).

Conversely, if g(x)qf“zl (mod ) then (g(x)r)“‘f‘””z 1 (mod ).
By Lemma 1, g(x)"€Q(,). By (6) this implies g = B (mod ).
(Euler’s Criterion for rth powers.)

In the above argument we must bear in mind that g(x) ¢ Q(¢,).

II. In the last section we have developed a criterion for rth power
residuacity in Q(¢,). From this we derive a criterion in the rational
numbers €, which is the purpose of Theorems A and B.

First let us assume that there is a rational integral solution X, =
a, of equations (1), (2), (8) and (4). In Q(¢,) define the algebraic integer
a = >tall. We shall prove that a satisfies

(9) o) |* = p*, E=1,2, 00,7 —1.
(10) (pa)to(pay™

is also an algebraic integer in Q(¢,), for k=1,2, .-, r — 1.
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To prove (9) we note that

af = (Sag)(Se)

= 30,07

i

=1 r—1 )
=Sa+ S(Er e

By (2) all of the coeflicients of ¢! are equal, since for any 4, the
sums corresponding to ¢ and r — 4 are identical. Thus

la | = ; a; — 23 ayay,
r—1
= Zj‘aﬁ —(r—1)7 21' S a,a;,
=
71
= r(r — 1) ;aﬁ —(r— 1)’:201 3o a;a;,

=r@r— 1) gaﬁ —(r — 1)“1(2 “J>2
— pre

by (1). Similarly |o,(a)]* = p~2 Thus (1) and (2) imply (9).
Let k& be a fixed integer 2 <k < r — 1. Then

(11) ()0, (pa) ™ = Pata (@)
= pk_lako—k(a) I o.(a) I -2
= p ke _(a)

by (10). Now
(12) o (e) = (Sa IS at™)
=SSP ay, e 0, )0

= (S — SP)

Condition (4) implies that each coefficient of ¢¢ in (12) is divisible
by p"*'. Placing this information in (11) states that (pa)‘s.(pa)™ is
an integer; thus proving (10).

(4) also tells us that p, but not p? divides pa, as not all the coef-
ficients of ¢ in @ = >.j-la¢) are divisible by p.

If we restate the above facts in terms of ideals, we have that (pa)
is ‘an integral ideal in Q(¢,) divisible only by the prime ideals which
divide p. '

There exists one prime ideal, say p, dividing p, which divides pa
but p* does not divide pa. All other prime factors of p in Q(¢,) are of
the form o;'p. Hence,
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(13) (pa) = :Z_jll,o;lpdi where d, =1,d, >0 .
By (9)
(pa)(o_(pa)) = (p*|a ) = p
— (1orv){igo-orv)
= [l oy *ptittr
or Z
(14) di+d.,=7r.
By (10), (pa)to(pa)™ is integral, or
(P (@ pa) ™ = [] 0p I] 0,07~
= [l opriec

is an integral ideal. (The index of d,, is interpreted mod r.) Hence,
kd, = d;.

Asd,=1,k=d, for k=2,3, ..., — 2. By (14) this yields that
d, = k. By Lemma 2, we arrive at the fact that in terms of ideals

(15) (pa) = (g(x*)") for some 1 <t < r.

In proving (15) we have used (1), (2) and (4). We wish to prove
that pa = g(x')". To do this we now utilize (3). By (15) we have that
for some unit 7€ Q(¢,), 9(")" = Hpa, or

(16) g’y = g, (pa) = oo (pa) .

Taking the absolute value of both sides of (16) and utilizing (i) of
Lemma 1 and (9) gives p" = |0,(%) *p", or |o(np) | = 1. By a Theorem
of Dirichlet on units (See [3] Theorem IV 9, A pp. 174), any unit which
has all of its conjugates with absolute value 1 is then a root of unity.
As 7€ Q(g), n = x££

Now

a=Nagl =N~ Sal - )
= S, — Sjal — &) (mod (1 — &)),
by Lemma 3. As p=1 (modr),p=1 (mod (1 — ¢,)). By (3),
1+ Zjaj = ;jaj =0 (mod 7).

Hence, pa = —1 (mod (1 — &,)*). By Theorem 1, g(3*)" = —1 (mod 1 —¢,)%
Therefore, =1 (mod (1—¢,))). But y=%§l= £(1+s(1—¢,)) (mod (1-¢,)");
i.e., s =0 (mod r) and the + sign holds. Hence, n =1.
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Therefore, if the a; are any integral solution of (1), (2), (3) and (4),
there exists an integer 1 =<t < r — 1 such that

r—1
(17) P2 agr =gy -
Conversely, given any integer ¢,1 < ¢ < » — 1, and writing
7—1
90 = p S akl,

we can prove that the a, are rational integers which satisfy (1), (2),
(3), and (4). The proof is merely reversing the above steps we used in
proving (17). By Lemma 2 the prime factorizations of (g(x*)") and (g()x*)"),
1<s<t=r—1, aredistinct, and thus g();°)" # g(x*)". Hence, we have
shown that there are precisely » — 1 rational integral solutions of (1),
(2), (3), and (4).

We are now in a position to prove Theorems A and B. First for
Theorem A.

Let a, be an integral solution of (1) through (4). Then we have
shown that p 372t el = g(*)" for some integer ¢ relatively prime to 7.
By Theorem 1, the above states that )(r) = 1 if and only if » >},a,fl =
—1 (mod (1 — &)™).

Define b,s=0,1, -+, — 2, by b, = — pa,_,, b, = p(a, — a,_,), s =
1,2, -+, — 2. Then

pSiagl=3bil.
Further let
Co= (=15 (3.

where <§) is the binomial coefficient. Then

PR ag =3k = Tbl— (- 5)y
=6 5 0 (5)a - oy
=30 - &)

The first statement in Theorem 1 states that g(3*)"+1=0 (mod (1—¢,)").
Hence,

SCA-g) +1=(C+ D+ S0 —5)
=0 (mod (1 - £,))
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This implies that C, + 1 = 0 (mod r?). Hence,
SC(1—g) =Cl— &) (mod (1 — &)

or that y(r) =1 if and only if

18) C,=0 (mod 7Y .
Now
(19) C, = (~1) g (i)b - —gsbs

r—2
= =D 2 8(0 — Gyy)

r—2 .
= —pS sa, + -;—p(r — 2)(r — D,
s=1

I

—p (:5_‘_,: sa,; + %ra,_l> (mod 7?) .

Equations (18) and (19) complete the proof of Theorem A.

Theorem B is also derived immediately from Theorem 2. If ¢g=1
(mod 7), ¢ a positive rational prime, then in Q(,), (¢) = AW, -+ Ay,
where 2, are prime ideals and Normgg .o, = ¢.

We may take 0,1, 2, ---, ¢ — 1 as a set of residues (mod 2,). Hence,
as 1 — ¢t £ 0 (mod ), unless ¢ =1,¢, = h (mod 2,), where h is a ra-
tional integer such that A" =1 (mod g).

Thus by Theorem 2, X(q) = 1 if and only if there is a 8 € Q(¢,) such
that g(X')" = p 30,8 =p X0,k = 6" (mod U,).

We may take 8 = be @ by the above remarks.

Hence, x,(9) =1 if and only if x,(» 3., a,h’) = 1 where y, is a primi-
tive rth power character (mod q).

If we had chosen another k, whose order was r (mod g), then &, =
k' (mod %,), and

by anjhi =p Sfaj 7 = g(x")" (mod ) .

Thus, any # whose order (mod q) is » works equally well in Theorem B.

There are several special cases one can derive when ¢ # 1 (mod 7),
in particular, when ¢ = 2, and » = 5, 7.

If ¢ =2,r =5, then in Q(¢,), 2 remains a prime because 2* is the
least power of 2 congruent to 1 (mod5). One can easily compute that
the only elements in Q(¢;) which are fifth powers (mod2) are 1=
—SU ot G+ &% and £ + & (mod 2). Hence, for r =5, x,(2) =1 if
and only if ¢, = a,_, (mod 2).

For ¢ =2,r =17, then 2°=1 (mod 7). Hence, in Q(,), (2) = A,
where Norm 2, = 8. For a = & (mod 2,), B = 0 (mod 2,), and BeQ(¢,)
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implies =1 (mod 2,). Hence, for » =7, %, (2) =1 if and only if a, =
1 (mod2) for =1, -.-.,6.

One could easily generalize this to the case when » = 2° — 1. Then
%p 2) =1 if and only if a;=1 (mod2) for =1, ---,r — 1.
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ON INVARIANT PROBABILITY MEASURES I

J. R. BLumM' AND D. L. HANSON®

1. Introduction. Let £ be a set and let .~ be a o-algebra of
subsets of 2. Let T be a one-to-one bimeasurable transformation map-
ping ©Q onto itself. 7T then induces the group of transformations {7,
1 =20, +1, -.-} defined in the usual way. If Az .o, T'A is defined to
be the set of images of the elements of A under the transformation T'.

Let ©” be the class of probability measures defined on &7 for
which 7T is invariant, i.e. if P is a probability measure defined on &
then Pe &” if and only if PA = PTA for every Aec. . Let . be
the subclass of .o which is invariant under T; a set A e .o belongs
to o7 if and only if A = TA. It is trivial to verify that .97 is sub-o-
algebra of &2 Finally let &7 be the subclass of &# for which T is
ergodic, i.e. if Pe &? then Pe & if and only if PA =0 or PA =1 for
every Ae Y.

In §2. several results are proved, concerning the structure of the
class &2 These are not new, although several of them do not seem to
have appeared in the literature. The main theorem of this paper is in
§ 3 where it is shown that each element of &” can be represented as
a convex combination of the extreme points of & Several consequences
of this theorem are pointed out.

2. Some properties of the class &

THEOREM 1. Let P and Q be elements of 2 Suppose PA = QA
for Ae oy Then P=Q.

Proof. Let =P — Q. Then pis a completely additive set function
defined on o7 If p is not identically zero, there exists Ae.w” such
M(A) >0 and ((A) = p(B) for all Be.ox This follows from the Hahn
decomposition theorem. Write #(A) = a + B, where o = (A — AN TA)
and 8 = w(ANTA). Since (A — ANTA) = w(TA — ANTA) we have
MAUTA) =2 + B. Now if @ <0, then (ANTA) > p(A) and A is
not maximal, and if 8 < 0 then (A4 — AnTA) > (A) and A is not
maximal. Consequently ¢ = 0 and 8= 0. But if A is maximal then
a+ B=2x+ 8. Hence a =0 and (AU TA) = #(A). By the same
argument we show that y(T77AUAU TA) = p(4) and it follows by in-
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duction that p(B,)=(A) for every positive integer n, where B, = J?-_.
T'A. Now B, is an increasing sequence of sets. Let B = lim,.. B,.
Then 4(B)=p(A)>0. Butclearly B=J;_. T°'A€ .7 and p is zero on
4. Consequently we have a contradiction and the theorem is proved.

Suppose now that Pe & and Qe <&” and suppose also that @ is
absolutely continuous with respect to P. Then if Ae .4 we have

PA =0 or PA =1 and hence Q agrees with P on .%4. Thus the theorem
applies and we have

COROLLARY 1. If Pe 22, Qe ?, and Q is absolutely continuous
with respect to P then @ = P.

Theorem 1 also furnishes an elegant proof of a result which was
proved by Lamperti [3], and in a special situation by Harris [1]. Suppose
P and @ are both ergodic, i.e. Pe & and Qe . Then either P and
@ are orthogonal or for each 4 € &~ for which PA = 1 we have Q(4) > 0.
Now suppose Ae . and PA = 1. Then if @ is not orthogonal to P
and since Q € & we must have Q(4) =1 and it follows that P =@Q on
4. We have

COROLLARY 2. If Pe &, Q¢ 7, then either P=Q or P is orthogonal
to Q.

In § 3, we shall show that this result can be considerably generalized.

THEOREM 2. 7 is a convex set. Pe F if and only if P is an
extreme point of .

Proof. The first statement is obvious. Suppose Pe .&? and suppose
we may represent P in the form P = aP, + (1 — a)P, where 0 <a <1
and P,e &4 =1,2. Then clearly P, and P, are absolutely continuous
with respect to P and it follows from Corollary 1 that P,=P,= P.
Thus if Pe &7 it is an extreme point of &2 Conversely if P¢ & there
exists a set Be. . with 0 < PB< 1. Then we may write P=
aP, + (1 — a)P, where a« = PB, and for Ae.% we have P,(4)=
P(ANB)/P(B) and Py(A) = P(ANB°)/P(B°). It is easily verified that
P, and P, are invariant probability measures and it follows that P is
not an extreme point of <

Theorem 2 strongly suggests that it may be possible to obtain the
elements of <7 as convex combinations of the extreme points of Z.
Under a rather mild assumption this is in fact true, as will be shown
in the next section. Examples of the kind of theorem we have in mind
were proved by Hewitt and Savage [2].

3. The representation theorem. Throughout part of this section
we shall assume that if Ae .7 and if PA =0 for every Pe S then
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PA =0 for every Pe &? Clearly such a condition is necessary for a
convex representation theorem and the condition can actually be verified
in many examples of interest.

Suppose now that Pe . Theorem 1 tells us that P has a unique
invariant extension from % to .4 This suggests that if Ae . & we
should be able to determine PA by knowing only the values of P on
. A proof of this statement follows from the individual ergodic
theorem.

THEOREM 3. Let Ae o4 For every a with 0 < a <1 there exists
a set Al e .o such that if Pe S then PA = a if and only if PA, = 1.

Proof. Let fi(x) be the set characteristic function of the set S.
Let Ae %7 and « be given. For every positive integer n define g, ,(x) =
1/n 32t F(Tx), and define Al = {x|lim,_.. 9, .(x) = a}. Clearly A, e 4
and the individual ergodic theorem implies that PA = « if and only if
PA!, =1, whenever Pe &,

Using the same technique we can prove

THEOREM 4. Let Ae % For every a with 0 < o < 1 there exists
a set A, e 4 such that if Pe & then PA < a if and only if PA, = 1.

Let Ae . o4. Define 7, by n, ={Pe Z7|PA =1}. Let Il be the
collection of all such sets w i.e. IT = {r,|Ae 4}. The following facts
are easily verified:

(i) ma=A

(i) [m)o ==

(i) 7U.A4.=U.74,
where A and each A, is an element of .94, Since .7 is a ¢-algebra it
follows that IT is a o-algebra. Now let Q ¢ &% We define a set function
Yo on I by po(m,) = Q(A).

We shall show that under the assumption at the beginning of this
section g, is in fact a probability measure defined on II. Clearly zy(7,)=0
for each m,, and po(F) = po(mo) = Q(2) = 1. Now suppose {r, } is a
sequence of disjoint elements of 7. It is easily verified that this is the
case if and only if PA,NA, =0 for every pair of sets A4,, 4, in &
with » # m and for every Pe 2. It follows from the assumption that
Q(A,NA,) =0 for n +m. Hence p{U, 74} = QU.4,) =3,Q4,) =
> tolma,} and we have shown that g, is a probability measure defined
on /I. We summarize in

THEOREM 5. If II and p, are defined as above then II is a o-algebra
of subsets of . Under the assumption at the beginning of this section
Yo s a probability measure defined on II.
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THEOREM 6. Let Ae 7 Consider the function f.(P) defined on
Gt and with values f,(P) = PA. Then f(P) is measurable with respect
to II.

Proof. We must show that for every ¢ with 0 < a <1 we have
{Pe Z|fiP)<a}={Pe FZ|PA<a}lell. But it follows from Theorem
4 that {Pe &/| PA < a} = m,,, where A,e .97 is the set guaranteed
by Theorem 4, and the theorem follows. _

Since f.(P) is bounded and measurable it is clearly integrable with
respect to any probability measure defined on /1. Now let @€ .Z and
!, be the corresponding probability measure defined on /7. For each
A e o7 define Q'(A) by

Q@) = £(Pyip, = Sg, PAdp, .

It follows immediately from this definition that @’ is an invariant prob-
ability measure defined on .9 Butif Ae .9 we have Q'(4) = po{ns} =
Q(A). Hence Q' = @ on .97 and it follows from Theorem 1 that Q' = Q.

Furthermore suppose we know that Q(4) = S PAdp, where p is some
probability measure defined on /. Then if AeM we have Q(4) =
- PAdp = pfr,} = po{m}, ie. = pt,. We state these results in

THEOREM 7. Suppose the assumption at the beginning of the section
holds. Then for every Q € <7 there exists a unique probability measure
Lo defined on Il such that

Q(A) = L?”‘i P(A)dp, for evefy Ae 7 .

We shall refer to Theorem 7 as the representation theorem, and
the rest of this section is devoted to exploring some consequences of
this theorem. One immediate consequence is a generalization of Corollary
2 to Theorem 1.

THEOREM 8. Let Q,e <72, i = 1,2. Then Q, and Q, are orthogonal
if and only if the corresponding measured ft,, and {4, are orthogonal.

Proof. Suppose @, and @, are orthogonal. Let B be a set such
that Q(B)=1=QyB°) and let A = U;=_.. T"B. Then Ae .97 and Q,(4) =
1 = @Qy(A°) and we obtain 1= p, {7} = po,{(%.)}. Thus o and p,, are
orthogonal. Conversely if £, and p, are orthogonal there is a set
Ae. o7 such that 1= g {7} = Qi(A) and 0 = g {7} = Q,(A) and the
theorem? isTproved.
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Another interesting consequence of the theorem is the obvious fact
that if Ae o and if PA =1 for each Pe &7 then Q(A) =1 for each
Qe . Thus the individual ergodic theorem for arbitrary invariant
measures is an immediate consequence of that theorem for ergodic
measures. Furthermore Theorem 7 throws some light on the evaluation
of the limiting function in the individual ergodic theorem. Let Qe <#
and let f(x) be defined on £ and measurable with respect to %4 Let
Sul®) = 1/n S0 f(T?). Then if fe L(Q) the ergodic theorem states
that lim,_.. fu(®) = f*(x) say, exists on a set of Q-measure one. It is
clear that f* is invariant i.e. f*(Tx) = f*(x) for all x for which f*
exists. If f is also integrable with respect to P e .7/ then f* is constant
on a set of P-measure one, and we have

Q| f*(@) = u} = S@ Po{| f*(®) = uldpto = p1{Pe Z|f* = u},

In particular we conclude f* is a constant, say ¢, on a set of Q-measure
one if and only if y,[Pe Z|Plx|f*(x) =c}] = 1.
Finally, suppose f is again measurable with respect to .7 Let
Qe & and suppose #QP{ € gfls |fldP < oo} = 1. Then we can easily
Q

prove

THEOREM 8. If g | f1dP is an integrable function of P (with respect
Q
to tt,) then fe L(Q) and

0=, [ el
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POSITIVE OPERATORS COMPACT IN
AN AUXILIARY TOPOLOGY

F. F. BONSALL

Of the several generalizations to infinite dimensional spaces of the
Perron-Frobenius theorem on matrices with non-negative elements, two
are outstanding for their freedom from ad hoc conditions.

THEOREM A (Krein and Rutman [3] Theorem 6.1). If the positive
cone K in a partially ordered Banach space E is closed and funda-
mental, and if T is a compact linear operator in FE that is positive
(i.e., TK C K) and has non-zero spectral radius p, then p is an eigen-
value corresponding to positive eigenvectors of T and of T*.

THEOREM B ([4] p. 749 [1] p. 1384). If the positive cone K in a partial-
ly ordered normed space E is normal' and has interior points, and if
T 4s a positive linear operator in E, them the spectral radius is an
eigenvalue of T* corresponding to a positive eigenvector.

In [2], we have proved the following generalization of Theorem A.

THEOREM C. Let the positive cone K in a normed and partially
ordered space E be complete, and let T be a positive linear operator
in E that is continuous and compact in K. If the partial spectral
radius ¢ of T is non-zero, then p is an eigenvalue of T corresponding
to a positive eigenvector.

Also in [2], we have developed a single method of proof of Theo-
rems A, B,C which exploits the fact that the resolvent operator is a
geometric series, and thus avoids the use of complex analysis or any
other deep method.

In [5] (Theorems (10.4), (10.5)), Schaefer has further extended these
results by showing that (A) and (C) remain valid for operators in locally
convex spaces, with suitable definitions of spectral radius and partial
spectral radius.

QOur aim in the present article is to unify these theorems still fur-
ther. We prove a single theorem (Theorem 1) that contains Theorem C
(and hence A), and also contains Theorem B except in the case p =0,
for which an extra gloss is needed (Theorem 2). The central idea is
that instead of being compact in K in the norm topology, T maps the
part of the unit ball in K into a set that is compact with respect to a

Received February 19, 1960.

1 K is said to be a mormal cone if there exists a positive constant & such that

e +yll z«llzll (v,9€K).
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second linear topology, this topology being related to the norm topology
in a certain way. This idea is, in essence, derived from the recent
paper [6] of Schaefer, though his conditions are too restrictive for our
purpose. Again we use only elementary real analysis of the kind used
in [2]. After proving our two main theorems, we exhibit a number of
examples of situations in which these theorems are applicable.

NotaTiON. We suppose that FE is a normed and partially ordered
real linear space with norm || - ||, norm topology 75, and positive cone
K; i.e., K is a non-empty set satisfying the axiom:

(i) z,ye K, a =0 imply z + 9, ax € K,

(ii) =z, —xz € K imply « = 0.

We write £ <y or ¥ = x to denote that y — 2z ¢ K.

We suppose that K is complete with respect to the norm. How-
ever, we do not require that E be complete, so that there is no real
loss of generality in supposing that £ = K — K, and we shall therefore
suppose that this is the case. We exclude the trivial case in which
K = (0).

We denote by B the intersection of K with the closed unit ball in
E, ie.,, B={x:xe K and ||« =<1}, and suppose that T is a linear
operator in E that is positive (TK C K) and partially bounded (i.e.,
| Tz || is bounded on B). We denote the partial bound of T by p(T')
ie.,

o(T) = sup{|| Tz ||: x € B},
and by p the partial spectral radius

o = lim {p(T")}" .

We are indebted to H. H Schaefer for several helpful suggestions,
and in particular for pointing out that substantial simplification can be
obtained by introducing a second norm ¢ into E defined as follows. Let
B, denote the convex symmetric hull of B, i.e.,

B,={ax + By: »,y € B, |a| +|B| =1},
and let ¢ be the gauge functional of B,,
g(x) =inf{A: A >0 and Nz € B} .

It is easily verified that ¢ is a norm in E, that q(x) = ||z]|| (x € E),
and that g(x) = ||z || (x € K). Also the completeness of K with respect
to the given norm implies that £ and K are complete with respect to q.

Given a positive operator 7T, the partial bound and the partial
spectral radius are the usual operator norm and spectral radius for the
operator T in the Banach space (¥, ¢). For » > p, the resolvent operator
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R, = (I — T)" is given by the series
R=lrylp iy .
S VP U '

which converges in the operator norm for (F,q), and is a partially
bounded positive operator.

We suppose that we are given a second linear topology 7 in E,
such that K is (r)-closed and T is (v)-continuous in K.

DEFINITION. Given a subset 4 of K, we say that 7 is sequentially
stronger than 7, at 0 relative to A if 0 is a (ry)-cluster point of each
sequence of points of A of which it is a (7)-cluster point.

THEOREM 1. If TB is contained in a (7)-compact set, T is sequential-
ly stronger than ty at 0 relative to TB, and pt > 0, then there exists
a non-zero vector w in K with Tu = pu.

THEOREM 2. If B is contained in a (t)-compact set, and T 1s
sequentially stronger than Ty ot 0 relative to B, then there exists a
non-zero vector u i K with Tu = pu.

Since TB c p(T)B, Theorem 2 is contained in Theorem 1 except
when ¢ = 0.

The proofs of these theorems will depend on the following two
lemmas. Lemma 1, which is needed in the proof of Lemma 2, is repeated
from [2] in order to make the present paper self-contained.

LEMMA 1. Let {a,} be an unbounded sequence of mon-negative real
numbers. Then there exists a subsequence {a,} such that

(i) a, >k =12, ),
(11) ank>aj (.7<nlc’k:17 2, "')-

Proof. By induction. With n,, +--, n,_, chosen to satisfy (i) and
(i), let n, be the smallest positive integer » with a, > a,, , + k.

LEMMA 2. If TB is contained in a (t)-compact set, and 7 1s
sequentially stronger than vy at 0 relative to TB, then

lim p(R,) = o .
A-p-0

Proof. Suppose that the conditions of the lemma are satisfied, but
that p(R,) does not tend to infinity as A decreases to ft. Then there
exists a positive constant M such that p(R,) < M for some v greater
than and arbitrarily close to (.
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The case ¢t = 0 is easily settled. For if ¢ =0, then
MR = >0, e K),

and letting » tend to zero through values for which »(R,) = M, we
obtain —x e K, K = (0). This is the trivial case that we have excluded.
Suppose now that g2 > 0. Then we may choose \, v with

0< A< <y <N+ M
and with p(R,) < M. With this choice of \, v the series
R,+(— MR+ —\NR A+ -+

converges in operator norm for the Banach space (F,q) to a partially
bounded positive operator S with

Sx = Nz + M'TSx (x € K).
Thus

Sx = N 'TSx (x € K),
and therefore
(1) S%E-X—(NH)T"% (xeK’ n = ]_, 2, ...)_

Since lim,_.p(A""*PT") = oo, and since the partial bound of a positive
operator coincides with its operator norm in (E,q), the principle of
uniform boundedness implies that there exists a point z € £ with
gtV T"g) unbounded. Since E = K — K, it follows that there exists
w € K for which the sequence (|| »""*"T"w||) is unbounded. Therefore,
by Lemma 1, there exists a subsequence such that

(2) lm [| A" T™w || = oo,
koo

(3) [[ Nt Tmew || 2 ([N T w || .

Since

| Tmwl| < o(T)|| T w]|,
we also have

(4) lim || v T || = oo .
k—oco

Let y, = || T™'w||*T™*w. Then, by (1), there exists 2, € K with
(5) | VT || Sw = N Ty, + 2, (k=1,2,+--).
By (4) and (5), we have

(6) MTy, +2.—0 (7).
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Since y, € B and TB is contained in a (r)-compact set, the sequence
(A *Ty,) has a (t)-cluster point ¥ in K. By (6), —y is a (7)-cluster point
of (2;), and since 2, € K and K is (7)-closed, —y ¢ K. Thus y = 0, and
0 is a (7)-cluster point of (Ty,). But 7 is sequentially stronger than 7,
at 0 relative to 7'B, and so 0 is a (try)-cluster point of (T%,). But this
is absurd, for, by (3),

I Tyell = Myl =N
Proofs of Theorems 1 and 2. Since TB c p(T)B, Lemma 2 is
available under the conditions of each theorem, and gives
lim p(R,) = o .
A—p+0
Then, applying the principle of uniform boundedness as in the proof of

Lemma 2, we see that there exists a sequence (),) converging decreas-
ingly to #, and a point w in K with |[w]| =1 and

lim [[ Ry w]|l = oo,
and we may suppose that B, w #0(n=1,2,+-+). Leta, = || R, w|™,
and %, = a,R, w. Then

Under the conditions of Theorem 2, the proof is easily completed.
For, since #, € B and B is contained in a (7)-compact set, it follows
from (8) that

i, — Tu,— 0 (7).

Also (u,) has a (7r)-cluster point # in K, and since 7T is (7)-continuous
in K, we have

pu —Tu =0,

We have u # 0, for otherwise 0 is a (ry)-cluster point of (u,), which
is absurd, since || u,]|] = 1.

Finally, suppose that the conditions of Theorem 1 are satisfied.
Then, by (8),

wl— T)Tu, =TI — TYu, = (¢t — 7)) T, + a,Tw .
Since TB is contained in a (7)-compact set, it follows that
(¢l — T)Tu,—0 (7),

and (Tu,) has a (r)-cluster point » in K. Therefore, by the (7)-continuity
of T,
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(I — Tyw=0.
If v =0, then 0 is a (ty)-cluster point of (Tw,). But, by (8),
tu, — Tu, — 0 (ty),

and so 0 is a (ty)-cluster point of (zu,). Since ¢ # 0 and ||u,|| =1,
this is absurd. Hence v # 0, and the proof is complete.

It will be noticed that the preceding theorems and lemmas remain
true if compactness is replaced by countable compactness, no change in
the proofs being required. It may be of interest to remark that under
the conditions of Theorem 2, K is a normal cone. However, since this
fact is not needed for our main purpose, we omit its proof.

ExampPLE 1. Taking 7 =7, in Theorem 1, we obtain Theorem C,
and hence, as we have seen in [2], Theorem A also.

ExAMPLE 2. Suppose that there exists a subset A of K with the
following properties:

(i) Given z € E with ||z]|] £ 1, there exists ¢ ¢ A with —a <z = a.

(ii) TA is contained in a (ry)-compact set.’

Let E* denote the usual dual space of continuous linear functionals
on the normed space F, and let K* denote the dual cone of all elements
of E'* that are non-negative on K. Then K* is a norm complete positive
cone in EF*, and we denote by B* the intersection of K* with the
closed unit ball in E*.

For each @ in E*, let T*® be defined as usual by

(T*p)x) = ¢(Tx) (% e E).

Since T is not necessarily a bounded operator in E, T*® may fail to
belong to E*. However, T*K* c K*, and T* is a partially bounded
operator in K* — K*. For, given » € B* and z e E with ||z]| =1,
there exists a € A with —a < ¢ < a, and therefore

—p(Ta) £ p(Tx) < o(Ta) .

Since T'A is contained in a (ry)-compact set, the set {||Tall:a € A}
has a finite upper bound M and so |(Tx)| = M, || T*® || < M, T*B* C
MB*, T* is partially bounded. It is easily seen that T* is weak*-
continuous in K* and that K* is weak*-closed.

We shall show that if the partial spectral radius p* of T* is not
zero, then Theorem 1 is applicable to the operator 7* in the space
K* — K* with the weak® topology as the auxiliary topology 7. This
will prove the existence of a non-zero element +» of K* with

2 In Examples 2, 3 no auxiliary topology is needed in F, but an auxiliary topology will
appear in the dual space.
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Ty = p*y .

Since T'* maps B* into the weak*-compact set MB*, we need only
prove that the weak™ topology is sequentially stronger than the norm
topology at 0 relative to T'*B*. To prove this, let ¢, € B*(n =1, 2, -+.),
and suppose that 0 is a weak*-cluster point of the sequence (TI'*¢,).
Since TA is contained in a (ty)-compact set, given & > 0, there exist

@y, +++,a, in A such that for each point @ in A there is some k (1 =
k < r) with

(9) | Ta — Ta, || <ef2.

Since 0 is a weak*-cluster point of (7 *¢,), there exists an infinite set
A of positive integers such that

(10) HT*pa)a) | < ef2 (k=1,.--,7; ned),
i.e., |l (Ta,)| < /2 k=1,+--,7r; neAd.

By (9) and (10), we have
(11) lpu(Ta)| <e (@€ A, ned).

Given z € K with ||z|| =1, there exists a€ A with —a <% <@, and
so, by (11),

(T*p) @) | = |Pu(T2) | = @u(To) < ¢ (n € 4),
| T*p, || = ¢ (n e 4).

Therefore 0 is a norm-cluster point of (T*®,), and we have proved that
Theorem 1 is applicable.

ExAMPLE 3. Suppose that there exists a subset A of K with the
following properties:

(i) Given z € E with |2 || £ 1, there exists @ € A with —a =z < a.

(ii) A is contained in a (ty)-compact set.

Let K*, B*, T* be defined as in Example 2. Given @ € B* and
% € E with ||z|] £ 1, there exists a € 4 with —a < 2 < @, and therefore

|p(T2)| = P(Ta) = [ Ta |l = o(T)[la]l .

Since A is contained in a (zy)-compact set, ||a || is bounded on A, and
T* is a partially bounded mapping of K* into itself.

We show that Theorem 2 is applicable to the operator T*. Since
K* is weak*-closed, B* is weak*-compact, and T* is weak*-continuous
in K*, we need only prove that the weak* topology is sequentially
stronger than the norm topology at 0 relative to B*. This is proved

by an argument similar to that in Example 2, but using A in place of
TA.
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It follows that there exists a non-zero element + of K* with
T*y = p*r, where p* is the partial spectral radius of T'*.

In particular, the conditions of this example are satisfied with 4
consisting of a single point if K contains an interior point in the normed
space E. Thus Theorem B is contained in this example, and hence in
Theorem 2.

ExAMPLE 4. Theorem 1 of Schaefer [6] is a case of our Theorem
2. In this case the topology 7 is given, and Schaefer constructs a norm
in K — K in such a way that

]| = f(@) (v € K),

where f is a certain (7)-continuous linear functional. Since f is (7)-
continuous, it is easily verified that 7 is sequentially stronger than c,
at 0 relative to B.
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SUMMABILITY OF DERIVED CONJUGATE SERIES
B. J. BoYEr

1. Introduction. In a recent paper ([3] it was shown that the
summability of the successively derived Fourier series of a CP integrable
function could be characterized by that of the Fourier series of another
CP integrable function. It is the purpose of the present paper to give
analogous theorems for the successively derived conjugate series of a
Fourier series.

2. Definitions. The terminology used in [3] will be continued in
this paper. In addition let us define:

(1) V(t) = Wit r, @) = %[ F@+ 1)+ (—1) @ — B)]
=l
(2) Qi) = >, ___ali—li___tr—l—zz

& (r—1— 29!
(8) g(t) = rit7" () — Q)]

The 7th derived conjugate series of the Fourier series of f(f) at
t = o« will be denoEed by D,CFSf(x), and the nth mean of order («, 8)
of D,CFSf (@) by Si4(f, @, n).

3. Lemmas.

LEMMA 1. For a=0,8>1o0r a>0,83=0, and »r = 0,

M o(2) = =7l (—2)* + 0|z |7~ log™* |z )
+ 0|7 as @] — oo .

This is a result due to Bosanquet and Linfoot [2].
LeMMA 2. For «>0,8=0o0r a=0,8>0 and
r —>_~ 0; xrxl(gm+r,ﬁ(x) :t;Ong(a’ B)X’1+w+r—i.ﬂ+j(x) ’

where the Bj; are independent from x and have the properties:
(1) Bifa,0)=0 for j = 1;
(ii) Bi(a, B) # 0;

r
() > Bifa, B) = (—1)yrk
,7—0
Received January 19, 1960.

1139



1140 B. J. BOYER

The proofs of (i) and (il)) will be found in [3], Lemma 2, taking the
imaginary parts of the equations there. Part (iii) follows immediately
from the first part of the lemma and Lemma 1.

LemmA 3. For n >0, a=0,8>1o0or a>0,8=0, and r =0,

<%—>T{2Bn“:§n <1 - %)w log=# ( ) C > ) sin vt}

n

= 241 gwmwﬁ[n(t T 2k7)] .

Proof. Smith (]6], Lemma 6) has shown that for every odd, Lebes-
gue integrable function, Z(t), of period 2,

S, 47,0, n) = —anZ(t)XHw,B(nt)dt .
0
Since the right side of this equation can be written

_an"Z(t) S Nuvaslnlt + 2m))de

for every such Z(¢), the lemma is true for » = 0. For » = 1 the inter-
change of (d/dt)" and >=.. is justified by uniform convergence.
The following lemma is a direct consequence of Lemma 3:

LemMMA 4. Let f(x)e CP[—=x, ] and be of period 2. For n >0
and a =0,8>10r a>0,8=0,

F3 oo

Sualf, @, 1) = 2=y 9(t) S5 Kt sln(t + 2km)ldt .
LeMMA 5. For a=0,8=0,n>0 and r = 0,
| QO it = 0,
where Q(t) 1s defined by (2). -

Proof. If r =0, then Q) =0. Forr=1landz=0,1, ... [r—1/2],
the truth of the lemma follows from the equation:

gwxr_l_%xl(?w+r,ﬁ(m)dx = 0 ’
0
which is easily verified by means of » — 1 — 21 integrations by parts.

The final two lemmas of this section give the appropriate representa-
tion of the nth mean of D,CFSf(x).



SUMMABILITY OF DERIVED CONJUGATE SERIES 1141

LEMMA 6. Let f(x)e C,P[—=, 7] and be of period 2zx. Let m,0 =<
m <\ + 1, be an integer for which ¥,(t)e L|0, x]. Then, for a = m,
B>1lora>m,8=0and r =0,
Stanalf, @, m) = 2=ny | THO) = QUINCarrsut)dt + C, + o(1)

as n— oo, where

C, = 272:‘1(—1)’+1S:«p(t)<%>r[—éctn—;—t — t—l] dt
(4)

+2ﬂnfrt“@@mn

Proof. It follows from Lemmas 4 and 5 that

Strslfy @, m) = 2=y | THO) = QORL. s08)at

20— | OZ AL it + 20t
(5) R
= 2(=n) | QUL )it

=L+ L+1.
Since the degree of Q(¢) is » — 1, Lemma 1 shows that
(6) I = 2r!7rlgjt*’"lQ(t)dt + o).
Let us define:
T, 1) = 2=y 3 e ln(t + 2km)]
— (=1)yrlzn(t + 2kx)]""} .

Again appealing to Lemma 1, we see that lim,.. (6/6tyJ(n,t) = 0 uni-
formly for ¢€[0,x] and 5 =0,1, -+, m.

With the aid of the well-known cotangent expansion I, may be
written:

L= | )T en, 0t + (~1y 727 (S )

(7) [%ctn%t — t—l]dt .

But after m integrations by parts, it is seen that

(8) S:«p(t)J(n, t)dt = o(1) .
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The lemma now follows from equations (5), (6), (7), and (8).
A vparticular, but useful, case of Lemma 6 is

LEmMmA 7. Let f(x)e C\P[—=n, @] and be of period 2z. If g(t)e
C.P[0, 7], where g(t) is defined by (8), then

5. 40,0, n) = —an"g<t)xl+,,,s<nt>dt
0

ol LetmLs o
o Sog(t)<20tn2t ¢ )dt—l—o(l)

Jora=1+&B8>1ora>1+§& B8=0, where § = min [¢, max (r, V)].
The hypothese of Lemma 6 are fulfilled, because t"g(¢) e C, P[0, =]
implies G,.(t) e L[0, 7] by Lemma 6 of [3].

4. Theorems.

THEOREM 1. Let f(x)e C,P[—=, 7] and be of period 2z, If there
exist constants @, ,_yu, 1= 0,1, --- [r — 1/2], such that
(i) 9(t)e C.P[0, 7] for some integer U; _
(i) CFSg(0) =s(a, B) for a=1+&B>1 or a>14+& 820,
where £ = min [, max (r, M)];
then D,CFSf(x) = S(a + 7, B), s = n"S:g(t)ctn(1/2)tdt and

S = ——27:‘1Snt‘1g(t)dt +c,
0
where C, is defined by equation (4).

THEOREM 2. Let f(x)eC\P[—m, ] and be of period 2z. If
DCFSf(x)y=8S(@+r,B) for a=1+xN,8>1 or a>14+x8=20,
then there exist constants @,_, 5, 7 = 0,1, <+« [r — 1/2], such that

(i) g@)e C.P[0, ] for some integer p:

(i) CFSg(0) = s(o, B), where
a'=1+E&B>1 if 1+ rx=2a<1l+E or a=1+§B=1a =a,
B=Bifa=1+EEB>1or a>1+§L=0, and & s and S have
the values given im Theorem 1.

Before passing to the proofs of these theorems, let us observe that
the existence of the constants @,_,_,, implies their uniqueness from the
definition of ¢g(¢). In fact, it can be shown that the @, ,,, are given by

D, FSf(x) = @_5(C), 1=0,1,-- [r ; 11] )

1 Bosanquet ([1], Theorem 1) has shown this for f(x) Lebesgue integrable and (C) re-
placed by Abel summability.
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In addition it can be shown that when f(x)e L, the sum, S, of
D,CFSf(x) may be written

oo

S = ~27r1S t7g(t)dt .2
)

—0(C

Proof of Theorem 1. That s = —z‘lgng(t)ctn(l/Z)tdt follows from
0

the consistency of (a, 8) summability and a result due to Sargent ([4],
Theorem 3). Therefore, both g(f)ctn(1/2)t and t~'g(t) are CP integrable
over [0, «].

From Lemma 7 we have

(9)  Susle, 0,m) — s = —20| GO Nrrwplnt) — (Ent) 1t + o(1) .

The left side of (9) is o(1) by hypothesis. By consistency equation (9)
remains valid if « is replaced by a+r —4and B by B+ 74,1,5 =
0,1, -+« r. Therefore,

—20{"9(8) 33 BU@, B)Nsvasr-en) — )t = o(1) .
With the aid of Lemmas 2 and 6, the last equation becomes
Sr. o(f, @, m) = —ZE‘IS:t“g(t)dt +C, + o(l) .
This completes the proof of Theorem 1.

Proof of Theorem 2. Due to the length of this proof and its simi-
larity to the proof of Theorem 2, ([3]), only a brief outline of the proof
will be given.

Putting Q) = 0,8 =0 and p > a + r in Lemma 6 and integrating
the right-hand side of the resulting equation M + 1 times, one can show
that

D, ,CFS(¥,.,, 0,n) is summable (C, p) .

A result due to Bosanquet ([1], Theorem 1) and the stepwise pro-
cedure employed in the proof of Theorem 2 ([3], equations 18 through
22) lead to the conclusion: ¢ '[y(t) — Q(t)] € CP[0, =] for an appropriate
polynomial Q(¢t), i.e., t7*¢(t) € CP[0, =]. From this statement and a results
due to Sargent ([4], Theorem 3), g(t) € C.P[0, ] for some integer ¢ and

CFSg(0) = s(C), where s = n—lS”g(t)cma/z)tdt K

2 Ibid. The difference in sign is due to the distinction between allied and conjugate
series.

3 The CP integrability of g(t)ctn(1/2)t is equivalent to that of ¢-1g(¢).
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That S, the (a + 7, 8) sum of D,CFSf(x), has the value
~27rlg"t—1g(t)dt L C,

follows immediately from Theorem 1 and the consistency of the sum-
mability scale.

Thus, it remains to prove only the order relations (o, #’) in (ii) of
the theorem. A straightforward calculation using the representations
in Lemmas 6 and 7, the properties of the Bi(«,8) in Lemma 2, and
the consistency of the summability scale applied to D,CFSf(x), leads to
the following equations:

>, Bia' + k, B,)[Sw’—kk%rfi.ﬁ’%—j(gy 0, n)

4,J=0

—n‘IS:g(t)ctn—;—tdt] =0(1),

for k=0,1,2, <.,

The expression in brackets may be considered the nth mean of order
(@ +k+1r—1,8 +7J) of a series formed from CFSg(0) by altering the
first term. Since this series is summable (C) to 0, then Lemma 8 [3]
shows that CFSg(0) = s(«/, 8.

The following theorem gives a sufficient condition for the (a, )
summability of CFSg(0) for B3 = 0. Since the proof follows the usual
lines for Riesz summability, it is omitted.

THEOREM 3. Let ¢(t) be an odd function of period 2rm. If
t7'g(t) e C,P|0, ], where k is a non-negative integer, then

CFSg(0) = —n—‘yg(t)ctn—é—tdt(l + kB, B>1.

As an application of these theorems it can be shown that
D,CFSf(0,m)=8SA +m + 2r,B),8>1,

where f(x; m) is either ™ ginx™ or x™cosx™',m =0,1,2, ---.

The following results may be deduced from Theorems 1 and 2. It
is assumed that f(x)e C,P[—m, 7] and is of period 2zx. The values of
S and s, when either exists, and & are given in Theorem 1.

(A). If g(t)e C.P[0,x], then for a =1+&B8>1 or a>1+E,
B =0, DCFSf(x) = S(a + r, 8) if and only if CFSg(0) = s(«, B).

B). For a=1+max(r,3),8>1 or a>1+max(r,\),B8=0,
D,CFSf(x) = S(a + r, 8) if and only if g(t)e CP[0, #] and CFSg(0) =
s(a, B).
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These results generalize, to various degrees, results obtained by
Takahashi and Wang [7] and Bosanquet [1].
A weak, but none the less interesting, form of these results is

(). If f(x)e CP[—m, w] and is of period 27, then in order that
D,CFSf(x) be summable (C), it is necessary and sufficient that
g(t)e CPJ0, =] and CFSg(0) be summable (C).
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A NOTE ON A PROBLEM OF FUCHS
D. L. Boyer

In [1] Fuchs has asked (problem 3) the cardinality of the set of all
pure subgroups of an Abelian group. The purpose of this paper is to
settle the question for nondenumerable Abelian groups. |4 | will denote
the cardinality of the set A.

THEOREM. Let G be a nondenumerable Abelian group, and let <7
be the collection of all pure subgroups, P, of G with |P| =|G|. Then
|7 | =2

Proof. Let T be the torsion subgroup of G. If |T| < |G|, then
|G/T|=]G| and by a result of Walker [3, Theorem 4], G/T, and hence
G, has 2'! pure subgroups of order |G|.

If | T|=]| G|, then we write T in the form T=3; . BZ.(p7)D>.,DE,,
where the R, are reduced primary groups and 3. @ Z.(p7) is the
maximal divisible subgroup of 7.

If the above decomposition of 7 has |G | summands then the theorem
follows.

If the above decomposition has fewer than |G| summands, then
|2, DR, | =1G|

We first consider the case that there exists a prime, p, such that
|R,| =|G|. Let B be a basic subgroup of R,. If |B|<|R,]|, then
|R,/B|=|G| and R,/B = Y,e.PD Z.(p~) with [A]|=|G|. Thus the
theorem holds for R,/B, and hence also for G. If |B|=|R,|, then
since B is the direct sum of cyclic groups, B = >,.c. P C,, it follows
that |A| =|G|. Thus the theorem follows for B and hence for G.
Finally, if |R,| < |G| for all p, we let' R’ = 3, @ R,,, where the sum
is taken over all primes, p;, such that |R, | > Y,. Then |R'|=|G|=
X1 R, |. We have proved above that for each p;, R, has 2'"»!' pure
subgroups, P(¢) of order |R, |. For each %, choose P(i) C R, with
[P(t)| = | R,,|. Then P =3, P(1) is a pure subgroup of R’ with
|P|=|R'|, and the number of subgroups formed in this way is 2'¢.
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THE ENVELOPES OF HOLOMORPHY OF TUBE DOMAINS
IN INFINITE DIMENSIONAL BANACH SPACES

H. J. BREMERMANN

1. Introduction. Let B be a Banach space with the strong topology
generated by the norm. An open and connected set is called a domain.
Let f be a complex valued functional defined in a domain D of a complex
Banach space B,. Let L be a finite dimensional translated complex
linear subspace of B,: L = {z|2z = 2z, + 7.0, + -+ T,a,} wWhere 2, a;, *++, a,
are fixed elements 7, -+, 7, complex parameters. (In the following we
will call L an “‘affine subspace’’). f is called ‘‘G-holomorphic’’ (=Gateaux-
holomorphic) if and only if the restriction of f to the intersection DN L
of D with any finite dimensional affine subspace L of B, is holomorphic
(in the ordinary sense). (Compare Hille-Phillips [7], Soeder [9], Bremer-
mann [5].)

A funectional that is G-holomorphic and locally bounded is called
“F-holomorphic’’ (Fréchet-holomorphic). For finite dimension the notions
(ordinary) ‘‘holomorphic function’ and ‘G- and F-holomorphic functional’’
coincide. (The theory of holomorphic functionals in finite dimensional
Banach spaces is equivalent to the theory of n complex variables.) For
infinite dimension, in general, there exist already linear (and hence
G-holomorphic) functionals that are not locally bounded (and hence not
F-holomorphic).

In Bremermann [5] it has been shown that the phenomenon of
“‘simultaneous holomorphic continuation,”” well known for » complex
variables, persists for infinite dimension even for the very general
G-holomorphic functionals: There exist domains such that all G-holo-
morphic functionals can be continued into a larger domain.

A domain for which a G-holomorphic functional exists that cannot
be continued is called (in analogy to finite dimension) a ‘‘domain of
G-holomorphy.”” In Bremermann [5] it has been shown that a domain
of G-holomorphy is ‘‘pseudo-convex’ (in a sense which is a natural ex-
tension from finite dimension).

We will apply these notions in the following to infinite dimensional
tube domains and moreover we will show that it is possible to define
and to determine the envelope of holomorphy of tube domains.

Finite dimensional tube domains and their envelopes of holomorphy
have been studied by Bochner [1], Bochner-Martin [2], Hitotumatu [8],
and Bremermann [3],[4]. It has been shown that a tube domain is
pseudo-convex if and only if it is convex, and that the envelope of

Received January 11, 1960. This research has in part been supported by the Office of
Naval Research under Contract Nonr 447 (17).
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holomorphy of any tube domain is its convex envelope. The former
property has been extended to infinite dimension in [5]. We extend
here the latter. To the author’s knowledge this is the first time that
the envelope of holomorphy of a class of infinite dimensional domains
has been determined. At the same time the proof given in the following
is simpler than some previous proofs for finite dimension.

2. Tube domains, envelopes of holomorphy. Let B, be a complex
Banach space that is split into a real and imaginary part, such that
every z¢c B, is written

2z =x + 1y, where x€ B,, y€ B, ,

where B, is a real Banach space. Then a domain Ty s called a tube
domain with basis X if and only if it is of the form Ty = {z|lze X,y
arbitrary}, where X is a domain in B,.

Obviously, Ty is convex if and only if X is convex, and X is convex
if and only if the intersection of X with every finite dimensional affine
subspace L, of B, is convex. (L, ={x|x =2, + t,a, + +--, t,a,}, Where
Xy, Ay, +++, &, are fixed elements in B,, and ¢, ---, ¢, real parameters).

It is somewhat difficult to define the envelope of holomorphy for
arbitrary domains. Already for finite dimension it may not be schlicht.
(Comp. [3],[6]). However, for finite dimension the following is true.
Let D be a given domain. Suppose we have a domain E(D) with the
following properties:

(I) Every function holomorphic in D can be continued as a (single-
valued) holomorphic function to E(D).

(IT) To every finite boundary point z, of E(D) there exists a function
that is holomorphic throughout E(D) and is singular at z,. If E(D) has
these properties, then E(D) is the envelope of holomorphy of D.

Analogously, if we have an infinite dimensional domain D and a
domain E(D) with the properties (I) and (II) (with respect to G-holo-
morphic functionals), then we call E(D) the envelope of G-holomorphy
of D.

3. Proof of the main theorem. Let T be a tube domain that is
not convex. Then, there exists an affine subspace

Lr:{xlx:x0+tla1+ "'tnan}

(%9 @1y +++, Q€ B,y &y, -+, T, real parameters) such that XNL, is not
convex.

Now it would be possible that XNL, is not connected and each
connected component is convex (for instance if L, is one-dimensional).
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If X is not convex, then there exist two points x, and x, that cannot
be connected by a straight line segment in X. However, X is connected,
and even arcwise connected. Hence we can connect x, and x, by an
arc in X, and even by a ‘“‘polygon’’ that is by finitely many straight
line segments. The polygonal arc spans a finite dimensional affine sub-
space L, and the connected component of L,.NX that contains x, and
2, 1s not convex since x, and «, cannot be connected by a straight line.

Thus L,N X has a connected component that is not convex. Hence
there exists a point z; on the boundary of L,NX and a line segment s
containing 2, such that s is locally a supporting line segment of the
complement of L,NX. In particular, x, and s can be chosen such that
in a neighborhood of z; the line segment s has with the boundary
0(XNL,) only the point x; in common.

Let the equation of the line containing s be

s={x|xz = x, + bt} ,

where b is a fixed element in B,, t a real parameter. Let b be normalized
such that ||b|| = 1. This real line lies in the analytic plane:

A={z|z=ua,+ b1},

where 7 is a complex parameter.
Let S, be a disc on A with center at x;, radius p:

S,=1{|z=u,4+ b7, |7| < p}.

If o is small enough, then S, will lie entirely in T, except for the
points
{22 =2, + 1bt, |t| < p, t real}.

We now apply the following lemma (which is an immediate conse-
quence of the ‘“‘fundamental Lemma’’ 3.1 (and 3.2) of [5] and Theorem
6.3 of [6]).

To formulate the lemma we need the distance function d,(z) which
is defined as follows: Given a domain D, then

dy(2) =suprafe|ljz—7||<r}c D,

in other words d,(z) is the distance of the points z from the boundary
of D, measured in the norm of B..

LEMMA. Let h(z) be the solution of the boundary value problem

h(z) = IOngX(xs + b7) for |T|=p,
h(t) harmonic for |t|<p.
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Then any function that is G-holomorphic in Ty can be continued G-
holomorphically into the point set:

C:{zlz’:x3+7—-b,lfl<p, ”z—z’||<eh(r)}'

(We note that even though log dTX(oc) becomes infinite at the two points
2z = x; & 1pb, the solution of the boundary value problem exists and is
finite for all |7| < p).

The pointset C is a neighborhood of the point z = x,. In particular
it contains the points ||z — z;|] < €*®, and €"® = 0. This continuation
procedure can be repeated at any point z = x, + 4y, where y is arbitrary.
We always get the same neighborhood, independently of ¥, because the
function dr_(z; + vy) and hence & does not depend upon y. Hence any
function G-holomorphic in 7'y can not only be continued into a larger
domain but into a larger tube domain T, that means X c X', X = X".

We have to observe however one difficulty: If the intersection
Xn{X|]|lz — 2,]] < e*®} consists of more than one component, then
continuation into Ty, with X' = XU{x |||z — ;|| < €"®} could possibly be
such that the continued function would no longer be single-valued in
Tx.. In order to keep the continuation single-valued we remove from
X’ all components of XN{x||x — ] < "™} except the one that
intersects S,. In this way the continuation remains single-valued.

Thus we have the result: If T, is a tube domain such that X is
not convex, then any function that is G-holomorphic can be continued
G-holomorphically (and single-valued) into a larger tube domain with
basis X’. Then we can apply the same result to T, and obviously
the process can be iterated as long as the enlarged tube is not yet
convex. Thus we have proved:

Given a tube domain Ty, then any function that is G-holomorphic
in Ty can be continued G-holomorphically into the convex envelope of Tx.

(The convex envelope of T, equals Ty x,, where C(X) is the convex
envelope of X.)

On the other hand there exists to every boundary point z, of Ty,
a supporting affine subspace of B, and a linear functional I(z) that be-
comes zero exactly on the affine subspace. (This is an immediate con-
sequence of the Hahn-Banach theorem.) The functional 1/I(z) is then
G-holomorphic in Ty, and becomes singular at z,, Hence we have shown:

To every boundary point z, of a convex tube domain there exists a
functional that is G-holomorphic in the domain and singular at z,. The
two statements combined give:

THEOREM. Let T, be a tube domain in a complex Banach space
(of arbitrary dimension). Then the envelope of G-holomorphy of Ty
18 the convex envelope of Ty, which equals Ty, where C(X) is the
convex envelope of X.
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MINIMAL SUPERADDITIVE EXTENSIONS OF
SUPERADDITIVE FUNCTIONS

ANDREW BRUCKNER

Introduction. A real valued function f is said to be superad-
ditive on an inverval I = [0, a] if it satisfies the inequality f(z + y) =
f(z) + f(y) whenever %,y and « + y are in I. Such functions have been
studied in detail by E. Hille and R. Phillips [1] and R. A. Rosenbaum
[2]. In this paper we show that any superadditive function f on I has
a minimal superadditive extension F' to the non-negative real line F, and
then proceed to show that F inherits much of its behavior from the be-
havior of f. We deal primarily with superadditive functions which are
continuous and non-negative.

A simple example of a superadditive function on [0, @] is furnished
by a convex function f with £(0) < 0. Also, if f is convex and f(0) =0,
then it is easy to verify that its minimal superadditive extension F' is
given by

F(x) = nf(a) + f(z — na)

for na =« < (n + 1)a. In general, the minimal superadditive extension
F' is not easily computed. In the sequel we shall discuss two methods
for obtaining F. For brevity we shall use the notation f*F to mean
“F' is the minimal superadditive extension of f’’.

1. The decomposition method. DEFINITION. Let x e E. The num-
bers «*,.--, 2" are said to form an a-pariition for x if 2' +...+ax" =
and for each ¢ =1,.--, 7 we have 0 < 2* < a.

THEOREM 1. Let f be a superadditive function on I =10, a]. Then
the function F defined on E by the equation

F(x) = sup Zf(u') ,

the supremum being taken over all a-partitions of x, is the minimal
superadditive extension of f.

Proof. We will show that F'is superadditive. The minimality of F
will then follow from the fact that any superadditive extension f of f
must satisfy f(x) = 2f(x*) for all x e E and all a-partitions z',-++, 2® of
2. Let x,ye E,e> 0. Choose a-partitions #*,-.-, 2™ and ¢*,--.,y" for

Received November 6, 1959. This paper is part of the author’s doctoral thesis, and the

author is indebted to Professor John Green for his guidance in its preparation. Thanks are
also due the National Science Foundation for their support.

1155



1156 ANDREW BRUCKNER

x and y respectively such that f(x') + «++ + f(@™) = F(x) — ¢/2 and
SW) + - +f(y") = F(y) — ¢/2. Then the numbers ',---, 2", y', -+-, y"
form an a-partition for x + y and we have

Fle +y) = fl@) + - + @) +5@) + - +1")
= F(x)+ F(y) —e.

Suppose we have an approximation for F'(x): that is, a number ¢ >0
and an a-partition a,--., 2" for x such that F'(x) — Zf(x') < ¢. If among
the members of this a-partition there are two, say 2/ and x* such that
u =2’ + x* < a, then since f(u) = f(&’) + f(«*), we have

F@) — [f(w) + S/6)] < F(r) — S/ < <.

In other words, replacing two numbers used in the approximation by
their sum % < a yields an approximation at least as good as the origin-
al. It follows that if x satisfies the inequality (M — 2)a/2 <z < (M — 1)a/2,
where M is a positive integer, then there exist arbitrarily good approx-
imations for F(x) using only M terms in the a-partition. If f is con-
tinuous, then a simple compactness argument results in the following
theorem:

THEOREM 2. Let f be a continuous superadditive function on [0, a],
and let F be its minimal superadditive extension. Let x satisfy the
inequality (M — 2)a/2 < 2 < (M — D)a/2. Then 3 an a-partition x*,- -, 2"
for x such that

Sf(e’) = F(z) .

Such an a-partition for 2 will be called a decomposition of z, for
which we shall use the notation {x) whenever convenient. We will de-
note by N(x) a number so large that for any continuous superadditive
function on [0, a], 3 a decomposition <x> of © with at most N(x) mem-
bers. It follows from the above that we can always let N(x) = 2x/a+2,
for example.

Henceforth we shall be concerned primarily with continuous non-
negative superadditive functions for which we shall use the abbreviation
csa. It is readily verified that such functions are non-decreasing and
vanish at the origin.

2. Combinations of extensions. One might expect that if the mem-
bers of a family f of csa functions are combined in a linear fashion to
give another csa function %, then combining the members of the family F
of minimal superadditive extensions of functions in f in the same way
would give rise to a function H which is the minimal superadditive
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extension of h. However this is not always the case. Consider, for
example, the functions f and g defined on [0, 8] as follows: f(0) =0,
f1)=0,7(2)=0,r3) = 1and g(0) =0, g(1) = 0, g(2) = 2, 9(3) =3, f and
g linear on [, n+1],n» = 0,1, 2. Simple computations show that whereas
(F+ G)4) = 5 and F'G(4) = 4, the minimal superadditive extensions of
f + g and fg take on the values 4 and 3 respectively at x = 4. The mi-
nimal superadditive extension of a sum (product) of superadditive func-
tions is thus not necessarily the sum (product) of the minimal superadditive
extensions. However, some processes do commute with taking minimal
superadditive extensions. '

THEOREM 3. Let {f,} be a sequence of csa functions converging to
the continuous function fon I=1[0,a]. Let f,*F,. Then f is csa and
f*lim,_ . F,.

Proof. That f is superadditive and non-negative is clear. Since for
each positive integer = the function f, is non-decreasing, the conver-
gence of {f,} to f is uniform on I. Given ¢ >0 and e E, let M be
such that n = M = max,, | f(t) — f(¢)] < ¢/N(x) where N(x) is a number
chosen as in §1. Let &k > M and let (&"> = xL,---, 2" and <{&)> =,

., 27" be decompositions for x relative to F', and F respectively. We
have

N (x) N (z) X
F) = S.0@) 2 Y. f@h)
and
N(z) ) N(x)
Fyw) = Sfad) 2 S -
It follows from these two inequalities that
F(x) — Fiy(z)| <,

for n = M.

3. Behavior of the minimal superadditive extension. It seems rea-
sonable to expect that the minimal superadditive extension F' of a csa
function f will enjoy many of the properties of f. To a certain extent
this is true and we are able to predict much about the behavior of F
by examining the behavior of f.

THEOREM 4. Let f be csa on [0,a]. If f*F, then F is csa on E.

Proof. Clearly F' is non-negative. To prove that F' is continuous
let ¢>0 and choose 8§ < a/22 if w,v=a and |u—v|<38 then
| flw) — f(v)] < e. Now let x and ¥ be points of E for which |y — z|<3,
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say y = 2 + h. Let {&y> = ¥',-++,y" be a decomposition for y with, say,
¥, = aj2. We have

Fy) = 3fw) and F@) = S50) + 7@ —h) .

Hence 0 = F(y) — F(x) = f") — f(y* — h) < e.
In a similar manner one can establish the following theorem, which
is stated without proof.

THEOREM 5. Let f be c¢sa on [0,a]. If f*F, then the following
statements hold:

() If f satisfies a Lipschitz condition with coefficient M, then so
does F

(o) If <y> =y, y" is a decomposition for y and f is differen-
tiable at y¢ and ¥, then f'(y") = f'('). If, in addition, F is differen-
tiable at y, then F'(y) = f'(¥").

One might expect that the differentiability of f on [0, a] would
imply the differentiability of F', except possibly at integral multiples of
a. Although this turns out not to be the case, we do have the follow-
ing theorem:

THEOREM 6. Let f be a csa function on the interval [0, al, with f'
continuous on (0, a). For x not an integral multiple of a, let X be the
set of points of [0, a] which can be used in a decomposition for x. Then
F has a right hand derivative F (x) and a left hand derivative F_(x)
at x© with

Fi(@) = supf'(t) = S

and
F(x)y=inff't)y=1.
teEX

Proof. We will prove only the upper equality. The lower can be
proved in a similar manner. It suffices to show D*F(x) = D.F(z) = S
where D+F and D,F are the upper and lower right hand derivatives of
F. Suppose 3¢ > 03D+F(x2) > S + 2¢. Then a sequence {k;} of num-
bers approaching 0 such that

1) F(x) < F(z + h) — (S + ol

for i =1,2,---. For each positive integer i, let (u', v*,--+, w') be a de-
composition for = + h;,. Without loss of generality, we assume that the
sequence (uf, v',~++, w’) converges to, say, (u,v,-++,w); otherwise we
consider a convergent subsequence. Since # is not an integral multiple
of @, one of the numbers u,v,+-+, w is not equal to 0 or a. Denote
such a one by w. From (1) we have
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(2) F(z) < f') + f(0") + -+ + f(w) — (S + ek, .
Choose N, 31 > N, implies that
(3) S < fw' — k) + [f'(w’ — k) + ¢/2]h;

That N, can be so chosen follows from the continuity of f’. In fact,
let § be such that |[u—v|<d=|f'(u)—f'(v)| <¢/4. Now choose N, such
that ¢+ > Nsu —8<ui —h, <u'<u+38. If ye[u*— h;, ], with
1> N;, then f'(u’ — h;) + ¢/2 > f'(y). Hence (3) is a valid inequality.
For ¢ > N, we have from (2) and (3),

(4) F) <f' — ) + f@)+ - +f @) +[f'(u' — h) — (S + ¢/2)]h.

Now the sequence (uf — h,, v%,--+, w') converges to (u,v,---,w) and
%+ v+.--+w=2 Thus, since

f@) + f) +- o+ f (W) = Fe + b)) > F(x),
and F is a superadditive function, we have

f@) + f() +---+f(w) = Flx)

and w e X. Therefore f'(u)<S. By the continuity of f’', lim,_.f ' (w*—h;)=
f'(u). Hence 3 a positive number N, such that 1 >N, = F'(u'—h;) <S+¢/2.
Let ¢ = max(N,, N,). For this ¢ we have from (4),

F(r) <f@' —hi) + f(0) 4=+ f(w).

This is impossible, for u* — h; + v* +++++w* = ¢ for each 1 =1,2, .-
and F is superadditive. We have shown D*F'(x) < S.

It remains to show D.F'(x) = S. Lete >0, and let (u, v,+--, w) be
a decomposition for z such that « == a, and f'(u) > S — ¢/4. Choose
§>02h < 8=>Ff(w+ h)>F) + (S —¢/2)h;. For h <8,

F(x + k) = flu+ k) + f(0)+++- +f(w) > F(2) + (S — ¢/2)h .
The first and third members of this inequality give

F(x 4+ h) — F()
h

Since & was arbitrary, D.F(x) = S, and the proof of the theorem is
complete.

We now proceed to obtain a linear upper bound for F. If f is csa
on [0, a], then the function g defined by g{x) = f(x)/x is continuous on
[0, a] and satisfies g(nz) = g(x),n = 1,2, .-+, whenever nx < a. It fol-
lows that g attains a maximum at some point of (0, a].

>S4+ ¢/2.

THEOREM 7. Let f be csa on [0,a], f*F, and let g be defined as
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above. Let t be a point of (0,a] at which g attains its maximum M.
Then

(a) F(x)lx < M for all x >0,

(b) F(x)jx =M if x 18 an integral multiple of t,

(c) lim F(x)]x =

(d) max [Mx —f(x)] = max [Mx — F(x)],

(e) hm [F(x) Mx] =0 @ff 1s differentiable at t.

x—o0

Proof. The proofs of (a), (b), (¢) and (d) are straightforward and
will be omitted. Let us then turn to (e). For each x e FE, write z in
the form « = nt + y, where n is an integer and 0 <y < t. Define a
function F'* by F*(nt + y) = nft + y/n),n =1, 2,--.. Clearly F*(x)<
F(x) < Mx for all xe E. We will show that lim, ... [Mx — F'*(x)] = 0. By
the definition of F'* we have

Mx — F*(x) = M(nt + y) — nf(t + y/n) .

Noting that f(t) = Mt, we see that the right hand member of this last
equation can be written in the form

(1) y[M— f(t+y?j7/’2—f(t)]

Now let © — o. Then ¥ is bounded between 0 and ¢ and n — . The
expression (1) approaches 0, since f'(t) = M

We observe that the function F'* of the preceding theorem is asymp-
totic to F' with F’* < F. Hence F(x) is bounded between F*(x) and Mz,
two functions which are easy to calculate, and whose difference is small
when x is large.

4, The polygonal method. The minimal superadditive extension of
a csa function may also be obtained as the limit of a sequence of poly-
gonal functions. A function p is said to be polygonal if p is continuous
and piecewise linear. The point x e [0, a] is called a vertex of p if (x,
p(x)) is a vertex of the polygon forming the graph of p.

THEOREM 8. Let p be polygonal on [0, a] with equally spaced wver-
tices. Then p is superadditive if and only if p is superadditive on
its vertices.

Proof. If p is superadditive, then p is clearly superadditive on its
vertices. To prove the converse consider the function g defined on the
set

D= {x9):0=c,y<aand v +y < a}
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by the equation g(z,y) = p(x + y) — p(x) — p(y). It is easy to verify
that g is planar on any triangle T of the form

T={xy): m, Sz = Uy S Y= 0,28 +y = (or =)u, + vy},

where (u,, v,) and (u,, v,) are pairs of successive vertices of p. Hence
¢ attains its minimum on 7 at one of the points (u,, v;) and therefore
its minimum on D at a point (u, ¥) where both % and v are vertices of
p. Thus, if g is anywhere negative then g is negative at a point whose
two coordinates are vertices of p. This proves the theorem.

Now let p be a polygonal function on [0, a] with vertices at 0, v, 20,
ceo,mv =a. We define a function P on E as follows:

Px) = p(x) for x < a
P(Mv) = max [P(kv) + P(Mv — kv)] M an integer = m + 1
K=1,+++,M

—1

and
P linear on [Mv, (M + L], M =m,m + 1,+--.

P will be called the function associated with p. It is easy to see that
if p is c¢sa, then P is csa.

DEFINITION. A sequence {p,} of functions defined on [0, a] is called
a p-sequence if
(i) each p, is a polygonal function
(ii) the vertices of p, are Ka/2", K=0,1,...,2"
(iii) P.(Ka/2™) = p,(Ka/2™) if m < n.
In terms of this concept we have

THEOREM 9. Let {p,} be a p-sequence coverging to the csa function
f on [0,a]. For each positive integer n let P, be the function associated
with p,. Then, if f*F, {P,} converges to F' on E.

Proof. It suffices to show that P, approaches F' on [0,2a]. Let
F*(x) = lim,_.. P,(x). It is easy to check that F'* is superadditive. Let
V, be the set of vertices of Py in [a,2a],andlet V=UrV,. If veV,
then lim,_. P.(v) exists since the sequence {P,(v)} is ultimately non-de-
creasing and P,(v) < F(v) for all n. We have lim,_. P,(v) = F(v). But
since F'* is superadditive, we have FF* = F. Hence F'* = F on V. By
standard arguments involving the continuity of F, the density of V
in [a, 2a], and the monotonicity of each P, and F'*, it follows that F'=

F* and that F'* = lim,_..P,(%).

5. Superadditive functions in n-dimensions. It turns out that many
of the results obtained in one dimension have their analogues in n-di-
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mensions. The interval I = [0, a] is replaced by a fundamental region
R defined by the inequalities 0 < 2, = a;,7 =1,-+--,n, where the a; are
arbitrary positive numbers. The decomposition method works, just as it
does on the line, and we can prove with little difficulty that to any
superadditive function f on R there corresponds a minimal superadditive
extension F to K} ={x, -+, 2,):0=2;,,7=1,-++,---,n}. We can
also prove a theorem corresponding to Theorem 5, the derivatives here
being directional derivatives. In Theorem 7 a certain line I(x) = Mz
played an important role. In n-dimensions, for each direction 6 we have
a plane P, which plays the role of I in some direction, and when the
function P, defined on the fundamental region R by the equation

P(z) = inf Py(z) ,

is extended to E;} by homogeneity it is the minimal concave superad-
ditive function which bounds F' from above. It can be proved, at least
in E7, that

nmax [P(z) — f(2)] = max [P(2) — F(2)] .

2€ B,
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ON EXPANSIVE HOMEOMORPHISMS

B. F. BRYANT

1. Introduction. A homeomorphism ¢ of a compact metric space
X onto X is said to be expansive provided there exists d > 0 such that
if x, y € X with #=y, then there exists an integer » such that o(x¢”, yp*) >d
(see [1] and [3]). The question arises as to the possibility of extending
the results concerning expansive homeomorphisms to compact uniform
spaces. The extension is possible, although trivial in light of the corol-
lary to Theorem 1.

In 88§ 3 and 4 the setting is a compact metric space X. Theorem 2
is stronger than Theorem 10.36 of [1] in that we do not require X to be
self-dense. Also, the lemmas of which Theorem 2 is a consequence are
perhaps of some interest in themselves. In §4 we show that if X is
self-dense, then for each xe X and each ¢ > 0 there exists ye U, %)
such that # and y are not doubly asymptotic.

2. A homeomorphism ¢ of a compact uniform space (X, %) onto
(X, %) is said to be expansive provided there exists Ue % such that
U =+ 4 (the diagonal) and if x, ¥ € X with # # y, then there exists an in-
teger n such that (x$”, y¢") ¢ U. For uniform spaces we use the notation
of [2], but following Weil [4] we suppose (X, %) is Hausdorff; i.e.,
N{U: Uez} = 4. We also suppose that each Ue %/ is symmetric.

THEOREM 1. Let (X, %) be a compact uniform space which is not
metrizable and let ¢ be a homeomorphism of X onto X. If Uez/, then
there exist x,ye X with x = y such that (xp”, yp*) e U for each integer
n. (Compare with Theorem 10.80 of [1].)

Proof. Select Ve such that VoVoVc U and VcU (see [2], p.
180). Since ¢, for each integer n, is uniformly continuous, we may
choose U, ez with U,CV such that (p, ¢) € U, implies (pp*, gp*) e V for
k= +1. For ¢ > 1, choose U,ezy with U,cU,_, such that (p, q)e U,
implies (pp*, qp*) e V for k = £ 4. Since (X, %) is not metrizable, the
countable set {U;|7 =1, 2,---} is not a base for the uniformity Z ([4],
p. 16). Thus there exists We< with W c U such that ¢ = 1 implies
U,Ncomp W == 0. Choose, for each %,(x;, ¥;) € U;Ncomp W. Since XxX
is a compact Hausdorff space, there exists (x, ) such that each neigh-
borhood of (x,y) contains (x,;, ¥;) for an infinite number of positive in-
tegers 1. Let m be an arbitrary positive integer, then there exists m>n
such that (2, ¥.) € U,(x)x U (y). Hence (x, x,)ec U, and (¥, ¥n) € U,;
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therefore (x9*, x,$*) e V and (y9*, y.9*) € V for k = = n. Also (2, Yn) €
U,c U, so that (2,¢%, ¥.9%) e V for k= =+ n. Hence (z¢*, yp*) e Vo VoV U
for k = + n. Each (2;,%,) e U,c V and Vc U; hence (x,y) e U. Finally,
x # Y. For otherwise we could choose Se </ such that SoSc W; then
(24, Yu) € S(x) x S(x) for some k, and hence (z, x,)e S, (x, ¥,) €S so that
(4, ¥,) € W. This completes the proof.

An immediate consequent of the theorem is the following

COROLLARY. If (X, Z) s a compact uniform space on which it s
possible to define an expansive homeomorphism, then (X, 7/) is metriz-
able.

3. The author is indebted to the referee for suggesting the ar-
rangement of the material in this section. In the original version, Lemma
2 had a slightly stronger hypothesis and Lemma 3 was essentially con-
tained in the proof of Theorem 2. In this section we suppose that X
is an infinite compact metric space and (with the exception of Lemma 3)

that ¢ is an expansive homeomorphism (with expansive constant d) of
X onto X.

LEMMA 1. If © + y and if there is an integer N such that n>N
{n < N} implies o(xd", yp*) = d, then x and y are positively {negatively}
asymptotic under ¢.

Proof. 1If x and y are not positively asymptotic under ¢, then there
exist ¢ > 0 and positive integers n, < n, <---such that o(z¢":, yp") = ¢
with lim,_ .2¢" =« and lim,_,..y¢" =v. Obviously u # v. Let m be an
arbitrary integer. For all 4 sufficiently large =, + m > N; hence
o(xpmt™, ypritm™)y < d.  Since lim,_ ., .2d™ ™ = ug™ and lim,__  ydp™t™=vp™,
it is clear that o(up™, vp™) < d for each integer m. This contradicts
the hypothesis that ¢ is expansive. The alternative statement may be
proved by a similar argument.

Lemma 2. If o(x){a(x)} contains a periodic point p and w(x){a(x)}
18 not identical with the orbit of p, then there exist w and 2z in w(x)
{a(x)} such that w and p are positively asymptotic and z and p are
negatively asymptotic.

Proof. Suppose p is of period k. There exist positive integers
N, <My <-+++ such that lim,.,.xp" = p. Let k, be the smallest non-
negative integer such that n, + k, is a multiple of k. Since 0 < k;, < k,
there exists m such that k, = m for an infinite number of integers <.
Thus there are positive integers m, < m, <---such that
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lim gpmit™ :zliin P = pp™ |
Denote ¢* by 6 (with expansive constant d,) and pp™ by ¢ (see [1], Dp.
86). Thus lim,, .20’ = ¢ and ¢0 = q. We can assume that o(x¢’:, ¢)<d,
for each 1.

The points « and ¢ are not positively asymptotic under 6, since other-
wise w(x) under ¢ would consist of the k& points in the orbit of p. Hence,
by Lemma 1, there exist arbitrarily large integers + such that o(x6", q)>d,.
Therefore we can assume that s, < s,---are positive integers where s; is
the smallest positive integer such that p(x6’i+%, ¢q) > d, and lim, ,,..x¢’i"5i1=
uew(x). Let —a be an arbitrary negative integer, then for all ¢ suffi-
ciently large 0 <s, —a <s,. Hence p(x6"*5° ¢q) < d,, and therefore
oo, q) < d, for each negative integer —a. Thus, by Lemma 1, u is
negatively asymptotic to ¢ under ¢ and hence under ¢([1], p.85). We
can assume J, < J, + 8; < 7,., and hence that there exist positive integers
t,<t,<.:.where t, is the smallest positive integer such that o(x¢:~', q) > d,
and lim,...x6" % = vew(x). By an argument similar to the above, v
is positively asymptotic to ¢ under ¢. Since a(x) under ¢ coincides with
o(x) under ¢!, this completes the proof.

In the following lemma we do not require ¢ to be expansive.

LemMMA 3. If x is not periodic and w(x){a(x)} is the orbit of a
pertodic point p, then there ewxists a point q in the orbit of p such that
g and x are positively {negativaly} asymptotic.

Proof. Let pew(x) and, as in the first paragraph of the proof of
Lemma 2, select positive integers 7, < 7, <--- such that lim,,..x0" =
g =pp™ and @0 = q,0 = ¢*. If x and ¢ are not positively asymptotic
under ¢, then there exists a positive constant o and a sequence n,<n,<-++
of integers such that o(x6™, q) > a. Let ¢ > 0 and choose 8 > 0 such
that 8 <, B < @, and p(z, w) < B implies p(z6, wd) < e. We can assume
that o(x0, q) < B. Let s, be the smallest positive integer such that
ot q) > B. Then for each ¢, 8 < p(x0i*%, q) < e. But the sequence
{x6i**i} has a convergent subsequence. Let s be the limit of such a
convergent subsequence, then s # ¢, se w(x) and 0(s, ¢) < e. Thus w(x)
is not finite, contrary to hypothesis. It follows that x and ¢ are posi-
tively asymptotic under 6, and hence under ¢.

Similarly, if a(x) is the orbit of a periodic point p, then there exists
a point ¢ in the orbit of p such that ¢ and x are negatively asymptotic
under .

THEOREM 2. There exist a,b, ¢, de X such that a and b are posi-
tively asymptotic under ¢ and ¢ and d are negatively asymptotic under

3,

b.
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Proof. There exists a minimal set N X ([1], p. 15). If N is infinite,
then N is self-dense and the conclusion follows from Theorem 10.36 of
[1]. Henceforth, suppose each minimal set in X is finite and thus is a
periodic orbit.

Since X is compact and infinite, there exists a non-isolated point 7.
If » is not periodic, let » = p. If # is periodic, then there exists ¢ #= »
such that « and » are asymptotic ([1], p. 87). But then x is not periodic
and we let z = p.

There exists a minimal set NCw(p), and a minimal set M C a(p).
Both N and M are periodic orbits. If N = w(p) or M + a(p) the con-
clusion of the theorem follows from Lemma 2. If N = w(p) and M=a(p),
the conclusion of the theorem follows from Lemma 3.

4, In addition to the standing hypothesis of § 3 we require X to
be self-dense.

LemmaA 4. If ye U(e, x) tmplies that each neighborhood of y con-
tains z such that o(yo", z¢") > d/2 for some positive {negative} m, then
there exists w e Ule, x) such that w and x are not positively {negatively}
asymptotic.

Proof. Let 0 < a < ¢, then there exist x, € U(a, ) and a positive
integer m, such that o(x,¢™, xp™) > d/2. Suppose x, and x are positively
asymptotic (otherwise the lemma holds); hence there exists m, > n, such
that # > m, implies o(x,9", x¢$")<d/8. Choose a,>0 such that U(a,, x,) C
U, x) and po(p, ¢) < a, implies o(pe”, pp™) < d/8 for 0 < n < m,. For
1 > 1 we select x;, n,;, m;, and a; > 0 such that x; e U(a,;_,, 2;-.), n;>m;_,,
O, D™, x,_ ™) > d[2, m; > n,, n > m, implies o(x,9", xp™)<d[8, Ulw;, ;) <
Ula;—, 2,-,), and 0(p, q) < a; implies o(pg”, q¢") < d[8 for 0 = n = m,.
We can suppose lim, ,,..x; = we Ula, x)cUle, x) and w = 2. If 7> 1,
then n, > m,_, and hence o(x,.,9", x¢p™) < d/8. But p(xp™, x;_.p")>d/[2,
and the triangle inequality implies ©(z$™, xp") > 3d/8. If 7 > 1,
then x; € U(a,, ;) and, since m; > n,, o(x,", 2,dp™) < d/8. Therefore
oz, wp™) > df4 for g = 4. If 7 >1 is fixed, then p(x;p", wd™) is
arbitrarily small for 7 sufficiently large. Hence p(x¢™, we™) = d/4. Since
{n,} is an increasing sequence of positive integers, w and z are not
positively asymptotic. This proof establishes the alternative statement
by using ¢ rather than ¢.

THEOREM 3. For each xe X and each ¢ > 0 there exists ye Ule, x)
such that x and y are not doubly asymptotic.

Proof. Suppose there exist xe€ X and ¢ > 0 such that ze U, x)
implies # and 2 are positively asymptotic. Suppose ¢ < d/2, then, by
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the above lemma, there exist ye U(e, ) and a > 0 such that U(a, y) C
Ule, x) and ¢t € U(e, y) implies that p(ts”, y¢™) < d/2 for n = 0. Therefore
u, ve U(a, y) implies p(ud®, vd™) =< d for » = 0. Thus, since ¢ is ex-
pansive, u, ve U(a, y) implies p(ud”, vp™) > d for some negative n. By
the alternative form of the lemma above, there exists we U(a, y) such
that w and y are not negatively asymptotic. Therefore either w and =
are not negatively asymptotic or ¥ and x are not negatively asymptotic,
which establishes the theorem.

If X is an infinite minimal set, then a stronger statement can be
made. Since X is pointwise almost periodic under ¢([1], p. 81),e >0
implies o(x, x¢p") < e for some n % 0. It is easy to show that x and x¢
are neither positively nor negatively asymptotic.

If X is not self-dense, then, as shown by the following example,
each pair of distinct points may be both positively and negatively asymp-
totic. Let X consist of the real numbers 0, 1/n{n = =1, 4 2,--.}, and
let

YO if 2=0.
xp=<1/(n+1) if 2=1mn and n+ —1.
1 if = —1.
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