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1. Introduction

We consider real-valued functions f(x) which are defined for all sufficiently
large real numbers z. In discussing the behaviour of such functions as
x — -+ 0o, it is useful to compare f with the functions of some ‘“‘comparison
scale”’. The early work in this field was due to Du Bois-Reymond (see, for
example, (2), (3)). This was elaborated by Hardy, (6), who was mainly
concerned with what he calls the “logarithmico-exponential’’ scale of func-
tions. This ““scale of Hardy’” may be defined as the smallest class J# of func-
tions f with the following properties:

(i) if f e S, f is defined and continuous for all sufficiently large values
of x;
(ii) (a) the function f(x) = «, where « is any real constant, is in J#;
(b) the function f(z) =« is in #;
(iii) if f and g are in 3# and g is non-zero for all sufficiently large values
of z, then
teg,  expf,  loglgl
are also in .
Hardy proved the existence of such a class 5#, and showed that every f in #
is monotonic for sufficiently large values of . He further proved that the
functions f in 5# are differentiable for large « and that /' € 5#°. The system ¢
is essentially the system of elementary functions built up from a finite num-
ber of operations (+, —, X, =, exp, log) and the functions specified in (ii)
above L. For a recent account of the system 5, from an abstract point of
view, see Bourbaki (1).

In recent work (7), some of us required a scale of functions & which had
some of the properties of #, but in addition had the property of being maxi-
mal, i.e. with the property that there is no function f(z) defined for large
values of « such that, for each g in &, either f/jg — 0 or f/jg — + o0 as
xr —> + 0.

The existence of maximal scales can be proved without difficulty by using

! For example x* = exp [af(1/log x}], and x? — z = log [exp {exp [2/(1/log x)]}/exp x].
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Zorn’s lemma (or the axion of choice). The proofs are given in section 3.
Clearly there will be more than one such maximal system, and the use of
Zorn’s lemma does not allow much control over the properties of the system.
For example, the condition that % is maximal does not imply, either (A)
that & contains functions which tend to +- oo more rapidly than any given
function, or (B) that & contains functions which tend to -+ co more slowly
than any given function. The problem which gave rise to this paper was that
of deciding firstly whether all maximal scales have properties (A) and (B),
and secondly whether there exists at least one maximal scale with these
properties.

It is clear that the detailed structure of a maximal scale . will not become
evident, unless some constructive method is used for its definition. We have
been unable to obtain such a method without the use of the continuum hypo-
thesis. However, in sections & and 6 we do assume that hypothesis and are
able to deduce the existence of two maximal scales, one having the properties
(A) and (B), and the other having neither of these properties.

In producing the maximal scale, we manage to preserve the conditions
that, if / and g are in &, then so is f/g, and that each function in % is ulti-
mately monotonic. It is this last requirement of monotonicity which causes a
lot of the difficulties in the argument. In section 4, we extend several of the
known results about enumerable collections of functions to enable us to add
single functions to such collections and still preserve the monotonicity
requirements outlined above. The results of section 4 do not depend on the
continuum hypothesis, and are of interest in themselves.

In section 2, we give precise definitions of the ideas outlined in this intro-
duction, and describe the previous results in the field which are needed in the
sequel. ’

In this paper, we restrict the discussion to the behaviour of real functions
of the real variable x as x approaches infinity. It is clear that, by using the
terminology of Bourbaki (1), the methods apply to the study of a much wid-
er class of functions. In particular, precisely the same results are applicable
to the discussion of the behaviour of real functions f{x) as  approaches o
(any real constant) from the right or from the left.

It seems likely that all the properties (other than its minimal property)
of the scale of Hardy could be built into our new scales &. In the present
paper, we have not attempted to do this: in particular, the functions of &%
are not restricted to be differentiable. As we proceed, the reader will realize
that the details of the proof would become extremely formidable if an
attempt were made to preserve all the properties of J#.
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2. Definitions, notation, and previous results

The class of real functions f(x) which are positive and continuous for
z = 0 and satisfy 2 f(0) = 1 will be denoted by ¥.
Italic letters ¢, f, g, ¢, s, u, + -+ will be used to denote members of €; ¢
denotes the function
ifz) =1, for 0 =z =<1,
i(x) =2, forx=1;

k denotes the function 2(x) = 1 for = 0. The variables z, & will be restrict-
ed to non-negative real values. The early part of the Greek alphabet o, g,
y, + - - will denote real numbers: the later part u, », =, p, 0, 7, - - + (apart from
&) will be reserved for ordinal numbers.

Two functions f, g in € are said to be equivalent whenever the ratio
J(x)/g(z) tends to a finite positive limit as z — -+ co. We then write f ~ g:
clearly ~ is an equivalence relation in the class €. If f, g in € are such that
lim, . f(x)/g(x) = 0, we say that fis of smaller order than g at plus infinity
and write f < g, or g > f. The relation < introduces a partial ordering into €
(and, by implication, into the system of equivalence classes determined by
~). We say that two functions f, g in & are comparable if

f<g or [~g or f>g
and that they are monotonically comparable if, in addition, the ratio f(z)/g(x)
is a monotonic function of x for all sufficiently large values of x. The formula
/ < g will mean that either f < g or f ~ g. The subset of %, consisting of
functions f which tend to -+ oo as * — + o0, will be denoted €*; the subset,
consisting of functions f which tend to 0 as x — -+ oo, will be denoted %°.
A subset ¥ < € is called a scale of functions if it has the three properties:

(Py) if f, g€ &, then f and g are comparable;

(P,) the functions k(z) = 1, i(x) = sup (1, ) are in &;

(Py) if /, g€ & and «, B are real numbers, then f*gf e & [where
288 (x) = (f(x))*(g(=))’].

The scale % is said to be a monotone scale if it has the additional property
(P¥) if f, g e &, then f and g are monotonically comparable.

In the introduction, we discussed the scale of Hardy s#. It is clear that the
functions in 5 need not lic in €, but those that are ultimately positive can be
modified for small values of &, without effecting their asymptotic properties,
to ensure that they do lie in €. It is clear that, provided the modification has
been done sufficiently skilfully, this modified set #* is a monoctone scale in
the sense of our definitions. Our scales . nced not have the other properties

2 The conditivn f(0) == 1 has been introduced for convenience in proofs; it clearly does not
affect the behaviour of functions f for large values of z.
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of *; in particular, we do not require functions f e & to be differentiable.
However, we now introduce properties (P,)—(P,) which seem desirable in a
scale of functions but which are notsatisfied by s#*.

(P,) If f,ge & and f 5% g, then f is not equivalent to g.

A set & which has the property (P,) is called srreducible. This is not a very
important property of scales: our main reason for introducing (P,) is that
proofs of theorems are easier to write out for scales with property (P,) (the
alternative is to consider the equivalence classes in & as the elements in a
new scale %').

(Ps) If f € € and f is comparable with each element of &, then f
is equivalent to at least one element of &.

A scale ¥ which has the property (P;) is called a maximal scale. One cannot
adjoin an essentially different element of € to a maximal scale % without
spoiling the property (P;).

(Pg) If g€ %, there is at least one f in & such that f > g.

(P;) If ge ¥ and g > &, there is at least one f in & such that

g>1>k

Note that, since every & satisfies (Ps), the property (Pg) implies that, given
any g € €, there exists an fin & with f < g. Thus (Pg) expresses formally the
idea that a scale is extensive in the sense that it contains functions which
diverge to + co and converge to 0 arbitrarily rapidly. Similarly (P,) implies
that, if g€ ¥ and g < %, there is at least one f in & such that g <f < k.
This, in turn, implies that, if gin € and %, # in & are such that & < g < u,
then there exist functions /, fin &% such that 2 < f < g < ¢ < %. Thus (P,)
expresses formally the idea that the scale has a fine structure, in the sense
that the subset of &, containing those functions which are asymptotically
larger than (or smaller than) a given function of € (not necessarily in &),
has no least (or greatest) element.

A set %, which has the properties (Pg) and (P,), will be said to be dense.
At first sight, one is tempted to think that the properties (Pg) and (P,)
might be a consequence of (Pg). With the use of the continuum hypothesis,
we show, (i) in section 5, that there exist monotone scales with properties
(Pg)—(P,), and, (i) in section 6, that there exist monotone scales with
properties (P,) and (P;) but for which (Pg), (P,) are false. Since the contin-
uum hypothesis is known to be not inconsistent with the usual axioms of
mathematics, this shows that it is impossible to prove that a scale which is
maximal must also be dense. One can similarly show that (Pg) and (P,) are
independent of each other.

In the sequel we shall need

LEMMA 1. Given a sequence of functions f; < fy <fs <-+* <f, <-:-in
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€, there exists a function f in € such that f > [, for each positive integer n.

This is due to du Bois-Reymond (2). The proof is simple: take f(z) =
1 + zréz (.’t - r)fr(x)

LEMMA 2. (i) Given a sequence of functions f; <[y <fa <+ <f, <-°,
and a function f in € such that f, < f for each integer n, there exists a function
g in € such that [, < g <[ for each integer n.

(ii) Given a sequence of functions f, > fo>fs> " >f. > -, and a
Junction f in € such that f, > [ for each integer n, there exists a functiongin€
such that f, > g > [ for each integer n.

This is due to Hadamard (4).

LeEmMMA 3. If 22 is any partially ordered set, then theve is a maximal subset
M < L which is simply ordered (i.e. M is not a proper subset of any simply
ordeved M' < F).

This is the form we need of the celebrated Zorn’s lemma which is known
to be equivalent to the axiom of choice or the well ordering principle.

3. Existence of maximal scales
The main result of this section is

THEOREM 1. There exists a scale of functions &, which is irreducible and
maximal.

To prove the theorem, we have to show the existence of a subset & < ¥
with the properties (P,)—(P;). Let 4 denote the collection of those subsets
% < ¥ which have the four properties (P,)—(P,). Then J is not empty,
since the class % of all functions of the form {7(x)}, for real «, is a member
of 7. Further,  is partially ordered by the relation of inclusion, i.e. we say
that %, < %, if %, < %,. Use lemma 3 (Zorn’s lemma) to obtain a system
¥~ < J which is simply ordered and maximal, in the sense that it is impos-
sible to add a further class # ¢ (7 — ¥") to ¥ and preserve the simple
ordering. Now put & = Ug y %. By using the fact that, if %, %, ?"
then either %, < %, or %, < #%,, it is easy to verify that the subset & < &
has the properties (P;)—(P,). It only remains to show that & is maximal
in the sense that it has property (P;).

If & does not satisfy (Pg), there is a function ¢ in ¥ which is comparable
with every f in &% but not equivalent to any f in #. Let #(¢) be the subset
of € consisting of those elements of the form ##f where « is any real number
and f e &. The set & (¢) clearly has properties (P,) and (P,). Consider any
two different functions #2f,, ##f, in & (¢). If « = B the functions are compar-
able but not equivalent, while if « 5% 8, we have

t*f —) (e
“N_ [apie-o flie-pp-a

Yty
= [t/f;}—2, for some f; in &,
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and again the functions ¢f,, t/f, are comparable but not equivalent. Hence
& (¢) has properties (P,) and (P,). Consequently #(¢) ¢ Z and contains as a
proper subset every set of the system ¥”. This contradicts the definition of #7,
and proves that & must satisfy (P;). This completes the proof of the thieorem.
It is clear that the method of proof of theorem 1 can be applied to mono-
tone irreducible scales, that is, sets & = % which satisfy (Py) and (P,)—(P,).
This leads to the idea of a maximal monotone scale, defined as a set & with
the properties (Pf), (P,), (P;) and in addition:
(P¥) if f € € and f is monotonically comparable with each element
of &, then f is equivalent to some element of .

Thus we can obtain

THEOREM 1A. There exists a maximal monotone scale of functions which is
1rreducible.

It should be noted that (P¥) is weaker than (P;) when applied to scales
satisfying (P¥). One of the objectives of this paper is to show the existence
of scales & satisfying (Pf¥) and (P,)—(P;). It does not seem that Zorn’s
lemma can achieve this end because, when more stringent conditions are
imposed, maximality in the sense of Zorn’s lemma becomes weaker 3. There
is an additional reason why we cannot use Zorn’s lemma to obtain scales
with properties (Pg) and (P,): the real difficulty here is to show the existence
of one such scale. This explains why, in the rest of the paper, we need to use
more constructive methods.

4. Adding a single function

The results of lemmas 1, 2 refer to enumerable sets of functions of ¥
which satisfy (P;). The first step is to modify these so that, when (P}) is
true, it remains true of the set enlarged by the addition of a new function
(the latter chosen to satisfy additional requirements). We ‘'shall need the
following rather special lemma which does not seem to follow easily from
known results:

LeMMA 4. Let f, g, k be functions of € satisfying f < g, f < h and such that
[ and g are monotonically comparable; then there are functions I and uw of €
which are monotonically comparable with f and g and satisfy
f<li<g<u, [f<I<h<u

Proor. The function # defined by
h(£)
u(x) = (1 + z)g(x) sup ——, for all =z = 0,
ostsz § (E)
3 For example it is possible to demand that the ratio f/g for any two functions f, g ¢ & be

monotonic for all z = 0. In this case maximality becomes very weak indeed, and Mr. A. Beck
has pointed out to us that there is a countable cofinal sequence for any such scale.
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clearly satisfies the required conditions. To obtain /, we first define a func-

tion by
. h(§)
v(x) = yf(x) inf —, for x = 0,
(x) = ¥/( )ggz 76
where
f(n)
y =sup ——.
20 hr)
It is clear that v(z) is continuous, that
(1) v(x) < yh(x), for all x>0,

and that f < v, while v/f tends monotonically to --co. Now define a function
/ by the relation
v(¢)

l(z) = V[f(x)g(x)oérgl; g(—gjl, for z = 0.

Then

By (1) it follows that / < /. Further,

{l(x)}zzf(z) inf v(£)
g(x) g(®) ose=x £(8)

and infy., ., v(£)/g (&) does not exceed 1, and is monotonic decreasing while
f(x)/g(x) decreases monotonically for x = X, and tends to zero as x —co.
Hence / < g and /, g are monotonically comparable. It only remains to
prove that / > f and that /, f are monotonically comparable.

Let X, be any fixed real number such that g(z) = f(x) for x = X, and
g(x)/f(x) is monotonic increasing for x = X,. Let X satisfy X; £ X < 2.
Then

(2)

{l(x);z_ gle) . . v(§)

R B A T g s

1) osgse g(£)

gle) . . () . v(é

=~ inf —=, inf —.

f(x) osesx £(8) xsg=o F(§)

Since both f < g and f < v, if we let X — + oo slowly enough as ¢ — + oo,
we have [ > f.

Suppose, if possible, that I{z)/f(x) is not monotonic for ¢ = X,. Let z, 2,
be such that X, <z, < x, and

;min{
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Then, by (2), we would have
g(x,) inf v(£) >g(x2) inf v(£)

f(x) osese, €(6) (%) osese, 8(6)

Since
gle) _g()
flaey) — fl2)
this implies that
inf @ > inf @

osi<z, £(€)  ost=z, 8(£)
Hence for some &, with x; < §; =< x,, we have

ing 26 _ )
o=t=z, (&) §(&o)

Thus

inf v(¢) = v(¢o) .
~ f(&0) osess, 8(8)  f(&o)
Since v(z)/f(x) is monotonic increasing for all z, this is a contradiction which

establishes that /(z)/f(z) is monotonic for = X,. This completes the proof
of the lemma.

LEMMA 5. Suppose that 2 is a countable subset of € such that any two
functions of 2 are monotonically comparable and that a function f of € is com-
parable with each element of 9. Then there exists a function gin €, with f < g,
which ts monotonically comparable with each element of 2, and which satisfies

§<¢
for every q in 2 with [ < gq.

ProoF. Let ¢,, ¢,, - -+ be any enumeration of the functions of 2. Let
2+ denote the set of functions ¢q of 2 with f < ¢ and let 2~ denote the set of
functions ¢ of 2 with ¢ < f. We consider separately the three cases when:

(i) 2+ contains elements but contains no minimal element 4;

¢ A function g, is said to be a minimal element of 2+ if every element ¢ of 2+ other than g,
satisfies ¢, < ¢.
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(ii) 2+ contains a minimal element;

(iii) 2+ is empty.

(1) In this case, we can choose a sequence v, v,, * * * of elements of 2+
such that »; > v, > v; > - - - and such that each ¢ in 2+ satisfies ¢ > v, for
all sufficiently large ». We define inductively a sequence of real numbers
{«,} and a sequence of functions {s,} by the conditions:

1) (3) «, = 0, and s,(z) = v,(x) for x = 0;

(ii) forr =1,2,---, if , s, are known we take «, ., to be large
enough to ensure that

(4) LSS | > o, + 1:
(5) that s.(x) > v,.,(x) > 7f(z) for * = o, 4,
(6) that the ratio v,,,(z)/v,(2) is monotonic for x = «,4,

(7) and that the ratios v, (z)/g,(x), s =1,2,---,7, are
all monotonic for z = «,,,; and

(iii) we define s,,;(z) by

Sp11(2) = s, (2) for 0 = 2 < o,y
S, (%41)
Vps1(%r41)

It is easy to check that this inductive definition can be carried out; the
fact that s,(z) satisfies (8) with » 4 1 replaced by 7 ensures that «,,, can
be chosen to satisfy the condition (5).

Now put g(z) = lim,_,, s,(z). Note that for any fixed z, we have

(9) s,.(:v) = sr+1(x) = S,+2(Z) =

provided «,.; = z. It follows from (6) and (8) that g < v, for each integer 7,
and therefore g < ¢ for all ¢ ¢ 2+. The conditions (5) and (8) ensure that
f < g, while (7) and (8) ensure that g is monotonically comparable with each
element of 2. Thus g has the required properties.

(i) Now suppose that 2+ contains at least one minimal element. Let &
be the equivalence class of minimal elements of 2+. If the number of ele-
ments in & is finite, then & will contain an element ¢, such that ¢, (z)/g(z) is
monotonic decreasing for sufficiently large z for each ¢ in & other than ¢,.
If & is infinite and does not contain an element ¢, with this property, we
must first adjoin such an element to &, taking care that the new element is
monotonically comparable with the rest of 2.

Without loss of generality, we may assume that & is such that, if ¢,, ¢,
are two elements in &, the ratio ¢;(x)/q,(x) - 1 as ¢ — + oo. If there is no
element g, with the required property, then there must be a sequence

(8)

S () = U1 (z) for o, ., < .
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L(x), ta(x), - -, (), - - - of functions of & such that, for 2 =1,2,---,
tera () > b () for sufficiently large z,

and for any ¢ in &, #,(x)/g(z), for some integer %, is monotonic decreasing
for large enough . We define inductively a sequence of real numbers {8,}
and a sequence of functions {s,} by the conditions

() f1 =1, sy(x) = t,(x) for x = 0;

(ii) forr =1, 2,---, if §,, s, are known we take f,,, to be large
enough to ensure that

(10) :31'+1 > ﬂr + 1:

that the ratio £,,,(x)/¢ () is monotonic and satisfies

1 tr+1(x)
11 1+—=>"—"——=->1 forx=
) 14> =y .
(12) and the ratios ¢, (x)/g,(x), s = 1, 2, - - -, » are mono-

tonic for x = §,.,; and
(iii) we define s,,;(x) by
sr+1(x) = Sr(x) for 0=z = ﬂr+1'

Sr (ﬂr+1)

= T ¢ f =x.
sr+1(x) tr+1(ﬁr+1) r+1(x) or ﬂr+1 =2
Now put ¢, (x) = lim,_, s,(z). The conditions (11) and (13) ensure that
g, is equivalent to each element of &, and that ¢, /q is ultimately monotonic
decreasing for each ¢ in &, tending to the finite positive limit
ﬁ tr(ﬂr+1) .

r=1 tr+1 (ﬂr+1)

Conditions (12) and (13) ensure that ¢, is monotonically comparable with
every element of 2.

Thus we may assume that there is a function ¢, in 2+ with the property
that ¢, (x)/g(x) is monotonic decreasing for sufficiently large z for every
g in 2% other than ¢,.

There are now three possibilities to consider:

(13) {

(a) 2~ is empty,
(b) 2- is not empty and contains no element ¢_ such that ¢_/g is
ultimately monotonic increasing for each g in 2- other thang_,
(c) 2-is not empty and contains an element ¢_ such that g_/q is
ultimately monotonic increasing for every ¢ in 2~ other than
q_.
(a) Let g(x) be defined by
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g(x) = %(x)[gnf 7. (E)/f(€)]Y for z = 0.
=z

Since f < ¢,, the function
inf g, (£)//(¢)

[
is monotonic increasing, and diverges to 4 co. Consequently g and ¢, are
monotonicaly comparable and g < ¢,. Hence g is monotonically comparable
with each function ¢ of 2. Further, since

g) g @[ g1 _T. 9.7
SN/ f > f ,
)~ i@ [2;2 f(f)] 2[2;2 f(f)]

we deduce that f < g, as required.

(b) If 2~ contains no maximal element, we use the argument of (i) to
adjoin an element ¢_ which is monotonically comparable with the elements
of 2 and satisfies f > ¢_ > ¢ for each g in 2~. On the other hand, if 2- con-
tains a class 4 of maximal elements, we can use a similar argument to that
used in obtaining ¢, from the class &, to obtain a function ¢_ with the prop-
erty that ¢g_/g is ultimately monotonic increasing for every ¢ in 2~ other
than ¢_. This reduces case (b) to case (c).

(c) We have now got the situation ¢_ < f < ¢, and ¢_, ¢, are monotoni-
cally comparable. Apply lemma 4 to obtain a function g, which is monotoni-
cally comparable with ¢_ and ¢, and which satisfiesg_ <g <¢q,,f < g < ¢,.
Clearly this function g satisfies all the conditions of the lemma.

(iii) We have now only to consider the case where 2+ is empty. If 2~ is
also empty, we may take g = ¢f. As in case (ii) (b), we may assume that,
if 2~ is not empty, then there is a function ¢_ such that ¢_/g is ultimately
monotonic increasing for every ¢ in 2~ other than ¢_. It now clearly suffices
to take

glx) = i(x)g_(x) Sup {f(&)/q-(£)}

for all « = 0. This completes the proof.

COROLLARY. Suppose that f and 2 satisfy the conditions of lemma 5. Then
there exists a function g in € which is monotonically comparable with each
element cf 2 and satisfies [ > g > g for every q in 2 with ¢ <f.

ProoF. Let ' = %/f and ¢’ = k/q for each g ¢ 2 and apply lemma 5 to f'
and the set 2’ of all the functions ¢’.

LEMMA 6. Suppose t,u, fe€ and are such that t <f <u, and {, u are
monotonically comparable: then theye exists an s in € which is monotonically
comparable with ¢ and u, and which satisfies neither f <s, nor f > s.

Proor. We define a sequence of real numbers {8,} and a sequence of
functions {s,} by the following inductive process:
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) g =0, s,(x) = u(x) for x=0;

(i) if By, Ba, * * *, Bar—1 S1, Sav © * *, Sap,—y have been defined we first
choose fB,, so that
(14)  for > Py + 1
and

(15) Sar—1(Bar) > [(Bar);
then define s, (x) by

Sar(®) = Spq (), 1f 0 =2 < By,

as) | .
21'—1(/327) :
= Ty f B, =x;
S2r(%) () (@) gr 1f By, =2
(iti) If By, B =, Baps S10 S2» * * *, Sar have been defined, we first

choose 8,,,, greater than g, and such that

(17) Ser(Bari1) = [(Baria),
then define s,,.,(x) by

SZH-l(x) = 82,(17), it 0 < é ﬂ27+1’

Soa@) = 20r) oy i g, <

% (Bars1)

Finally, put s(z) = lim_,, s,(z). Note that (9) is again true. It follows
that s(z) is continuous for all z, and (15), (17) together imply that, for each
integer 7, there exists &, satisfying B, < &, < 8,1 and s(§,) = s,,(&,) =
f(¢,). By (14), 8, — o0 as » — oo and therefore neither f > s, nor f < s can
be true. The conditions (16) and (18) imply that s is monotonically compar-
able with ¢ and u.

REMARK. It is clear that the function s defined aboveé must satisfy
I <s<u.
We now prove a result which seems to be of some interest in itself.

(18)

THEOREM 2. If F is a countable set of functions of € any two of which are
monotonically comparable, and if f isin € and is comparable with each element
of T, then there exists a function g of €, which is monotonically comparable
with each element of T, but which salisfies neither g < f nor g > f.

Proor. We may clearly suppose that no function of J is equivalent to f.
Let 2, Z be the subsets of 7 such that ¢ < f, ¢ > f respectively for £in 2, Z.
Suppose first that at least one of 2, Z is empty, say #. Then ¢ < f for all
teT. Let  in € be such that « is monotonically comparable with ¢ and
t <u <fforall teJ (u exists by lemma 5). Put

g(x) = u(x) sup f—(ﬁ for all z > 0.

ost=e w(€)’
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Then g(x) = f(x) for all x and there is a sequence {£,} of real numbers such
that &, — oo as # — oo and g(¢,) = f(£,). Since g(x)/u(x) is monotonic for
all z, it follows that g satisfies the requirements of the theorem.

On the other hand, suppose that neither of 2, # are empty. By lemma 5
we can find functions #, v which are monotonically comparable with each
element of 7, satisfy # < f < v and are such that f < %, ¢ > v respectively
for elements ¢ in 2, #. Now apply lemma 6 to obtain a function g which is
monotonically comparable with #, v and satisfies neither g > f nor g < f.
This function g is clearly monotonically comparable with each element of 7,
This completes the proof of the theorem.

The result of theorem 2 allows us to strengthen lemmas 1 and 2, to the case
where the functions are monotonically comparable.

LemMA 7. If T is a countable set of functions of €, any two of which are
monotonically comparable, there is a function u tn € whick ts monotonically
comparable with each element of T and satisfies t < u for each t in T .

LeEmMMA 8. If T is a countable set of functions of €, any two of which are
monotonically comparable, and ty in T s such that t, <t for each t in T other
than ty, there is a function u tn € which is monotonically comparable with each
function of T and satisfies ty < u < ¢ for each t in T other than i,.

ProofF oF LEMMA 7. If J contains a maximal element s, such that, for
every t e 7, t < m, then we use the argument of lemma 5 to adjoin a new
element m, to J, such that m, is equivalent to all such elements m, and
my/t 1s ultimately monotonic increasing for every ¢ in 4 other than m,. It
then suffices to take u(x) = i(x)my(x).

On the other hand, if .77 has no maximal element, then there exists a
sequence #; <1t, <---<¢, <--- of functions of 7 such that, for each
ted, t <t, for sufficiently large integers ». Apply lemma 1 to obtain a
function fin % such that f > ¢, for each integer #n. Then f > ¢ for each f ¢ 7.
Apply theorem 2 to obtain a function # which is monotonically comparable
with each ¢ € J and satisfies neither # < f nor # > f. It is clear that u > ¢
for each te 7.

Proor oF LEMMA 8. This is just a special case of lemma 5 for which f = ¢,.

Our next object is to extend Theorem 2 and lemmas 7, 8 to the case where
J need not be enumerable, but has an enumerable basis. Suppose I < €
is any set of functions and # < J: then we say that # forms a basis for 7
if every element in J can be written as a finite product of real powers of
elements in #. The set J has a countable basis if there is some countable %
which forms a basis for 4. We need two additional lemmas.

LeMMA 9. If T is an irreducible scale which has a countable basis, there is a
sequence ty, by, + + +, L, * * Of elements T such that t, > k and, for any t in T
with t > k, there are integers v, s with k <t, <t <t,.
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ProoF. Let ¢;, €5, -+, ¢,, - - - be a basis for 7 chosen so that ¢, > % for
each integer ». We suppose, without any loss of generality, that the basis is
such that its elements are independent in the sense that

epegr---eir(w) >, asxr—> 40, 0 << +o0,

holds only when o; = oy =+ + = o, = 0.
Let 7, be the set of functions which can be written in the form
= e:le;i “ . e:r
for some real numbers «y, ay, * « -, «,. Since the elements e;, ¢, -+ -, ¢, are

independent, there is a (1, 1) correspondence between the points («,, «,, * -
«,) of Euclidean 7-space and the functions

’

t: e(al, 12, LN ar) — e‘;le;l oo g%
of 7,.
Since J is completely ordered by the relation <, the correspondence in-

duces a total ordering in 7-dimensional space. Let this ordering be denoted
by the same symbol and let E_ be the set of points («y, «, * * +, «,) such that

(og, g, * *, &,) < (0,0, -, 0);
E, be the set of points (a;, &, - -, «,) such that
(g, g, * * 7, &) > (0,0, -+, 0).

E_u E_ forms the whole of r-dimensional space apart from (0,0, - - -, 0).
It is easy to verify that £_, E, must be convex sets in r-space. It follows,
without difficulty, that E_ can be represented as a union E, = U, H
where H, is an open :-dimensional half space, lying in the bounding hyper-
plane of H,,, when ¢ << r, and bounded by an (r — 1)-dimensional hyper-

plane passing through the origin.

FA]

Now take an enumerable set of points («{™, «{", - - -, a{") which is dense
in both H, and H, and put
t,(,") — e(a{"’, ot(z"), -, aﬁ”)), n=12- -

If te.7, and ¢ > &, there will be integers m, p, for which
E<t™ <t <t
If we now reorder the elements ™, n = 1,2,---, 7 =1, 2, - - - in a single

sequence &, £,, . . . of elements of J~, we have satisfied the conditions of the
lemma since I = u2, J,. '

LemMA 10. If & s an irreducible scale which has a countable basis, and f
in € is comparable with each element of &, then there is a sequence sy, s,, * * *,
Sy, * * + of elements of & such that (1), if s e S and s > f, there is an integer v
such that s > s, > f, and (ii), if s € & and s < [, there is an integer p such that
s <s,<f.
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Proor. If f is equivalent to an element f' in &, the result follows im-
mediately on applying lemma 9 to the function s/f’ or f'/s in cases (i) and (ii).
Therefore, we may assume that f is not equivalent to any element in &.

We now modify the method of proof used in lemma 9. Let ¢, ¢,, - - - be an
independent basis for the set &. Let #, be the set of elements of % which
can be represented in the form

—_ % 23 . o . p%
s = ejlex? e,

where a,, ay, * « -, «, are real numbers. We divide the points (o, &, * - *, «,)
of r-dimensional space into two sets £~ and E+, putting (e, &, * -+, ,) in
E-, if e(y, a5, - =+, ,) <[, and in E*, if e(ay, oy, -+ *, &) > f.

The two sets E~ and E* constitute a convex partition of space into two
disjoint sets. If one of these sets, say E*, is empty, it is sufficient to take for
s s@ ... st ... any set of functions corresponding to a dense set of
points («{™, «f®, - -, af) % =1, 2, - - -, in 7-dimensional space. If both the
sets E—, E+ are non-empty, we proceed as follows. Let H,_; be the (» — 1)-
dimensional hyperplane separating E- and E+. Let E,, = E-n H,_,,
E}!, = E+ n H,_;. Ifeach of these sets is non-empty, let H,_, be the (r — 2)-
dimensional hyperplane separating E;_;, E} ; and put

E ,=E nH._, El,=E*tnH,,
If each of the sets E, ,, E}, (m = 2) is not empty, let H,_,_, be the
(r — m — 1)-dimensional hyperplane separating them, and put
E:—m—l =E"n Hr—m—}’ E:-—-m—l =Etn Hr—m—l'
In this way, we obtain inductively sets

E,cE - -<E_, < E

(19) E; < Ej, << El,cE+

where p = 0 is an integer, one of the sets E,, E} is empty and none of the
sets Ejy, c -, E;y, Ef,y, -+ Ef, is empty. Now let («f”, af¥, - -, ai™)
#=1,2,--- be a set of points in r-space which is dense in each of the sets
(19); and put s = e(a{™, a, - - -, a™). It is easy to see that, if s > f and
s € &,, then there is an integer m for which s > s™ > f, while, if s < f and
s € &,, then there is an integer p for which s < s® < f.

Finally, rearrange the functions sWm=12—---,r=1,2 - -asasingle
sequence s,, Sy, - * +, and it follows that this sequence has the desired prop-
erties,

REMARK. The method of proof uséd in lemmas 9 and 10 can be extended
‘to prove the following more general result:

THEOREM. If & is an irreducible scale which has a countable basis, and
T is any subset of &, then there is a sequence by, ty, +  *, 1, - + + of elements of T~
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such that, for every te.J, there are integers v and s such that
i, <t<t,.

We omit the proof since this theorem is not needed in the sequel.
The next theorem is an extension of lemmas 1 and 2.

THEOREM 3. If & is an irreducible scale with a countable basis, there are
functions f, g which are comparable with each element of & and satisfy

g>s>1llg for every se &P,

if seS and s >k, then s > [ >k,
if se and s <k, then s < 1/f <k.

If, in addition, any two elements of & are monotonically comparable, then
1, g can be chosen to be monotonically comparable with each element of &.

Proor. Let s, s,,*++ be a sequence of elements of & satisfying the
conditions of lemma 9. Apply lemma 1 to obtain a function g satisfying

g > s, for each integer ’i"L,
and apply lemma 2 to obtain a function f satisfying
s, > [ > k for each integer =.

It follows immediately that the functions f, g have the required properties.
If & is such that its elements are monotonically comparable, the result
follows by using lemmas 7 and 8 instead of 1 and 2.

REMARK. This theorem shows clearly that a scale which has a countable
basis cannot have any of the properties (P;), (Pg) of (P,).

The next theorem is an extension of theorem 2 and will be important in
the sequel.

THEOREM 4. If & is an irveducible scale, any two of whose elements are
monotonically comparable, & has a countable basis, and f « € is comparable
with each element of F; then there is an element g € € which is monotonically
comparable with each element of &, but which satisfies neither g > fnor g < f.

Proor. Apply lemma 10 to obtain a sequence of functions sy, s,,..., S,, ...
in & with the properties stated. Let this sequence form the countable
set 7, and apply theorem 2 to obtain a function g € € which is monotonically
comparable with each element of .7~ but satisfies neither g > f nor g < /.
If s is any element of & and s > f, it follows that there is an integer #» such
that s > s, > f. Since s, is comparable with g, we must have s > s, > g, and
therefore g is monotonically comparable with s. Similarly, when s < f, g is
also monotonically comparable with s. This completes the proof of the
theorem.
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5. The existence of a maximal dense scale

In this section and the following, we have been forced to make use of the
continuum hypothesis. Since a continuous function is determined by the
values it takes on the rationals, the set € has the power 2% of the continuum.
We suppose the subset € of the functions of €, which tend to 40 as z
tends to 4 oo, is well-ordered in a transfinite sequence

fl’fZ"."f/u."» /"<'Qx

where Q is the first ordinal of power greater than X,. Then to each ordinal g
with cardinal less than 2%, there will be a corresponding function f, e €°;
and the functions f, exhaust €%, as p runs through each such ordinal. We
suppose, as we may, that the well-ordering is chosen so that f, = ¢. We give
an inductive definition for a scale &, for each ordinal 4 < 2 and finally
take & =u, o &,

First let %, be the scale of functions ¢* for all real «. It is clear that &,
has the properties (Pf), (P,)—(P,), and &, has a countable basis.

Now suppose that v < 2, and that scales &, have been defined for 4 <7
with the following properties:

(20) for u < 7, &, has properties (P}), (P,)—(P,);

(21) for u <7, &, has a countable basis;

(22) for u < 7, there are functions s,¢ in &, such that
E<s<f,<t

(23) for u < 7, there is a function g e &, such that neither
g > fu mor g <f,;

(24) forlspu<v<r, &L, <,

The conditions (20)—(24) are clearly satisfied when 7 = 2. Our object is
to show that &, can be defined so that the conditions are satisfied with <
replaced by (r + 1).

Let

.7,=u.5fﬂ, 2 <1<
B<T
By the continuum hypothesis, 7, is an enumerable union of scales each
with a countable basis, and so 7, itself has a countable basis.

If there is an element ¢in I, such that £ > f,, we put 7, = 7 ,; otherwise
we aim to form a scale ., from 7 ,, by adjoining a suitable element to 7 ,.
By theorem 3, there exists a function g, which is monotonically comparable
with each element of 9, and satisfies g > ¢ for every ¢ 7 ,. By lemma 4
(with f = k), there is a function % which is monotonically comparable with
g (and therefore with each element of Z,) and satisfies

u>g, u > f,.
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It follows that the set of functions of the form #*¢, where « is real and
teJ ,, is a scale, with properties (P¥), (P,)—(P,), which has a countable
basis. We define 7, to be this new scale.

If there is an element s in | such that

k<s<f,
we put 7, = J.; otherwise we aim to form ., from J,, by adjoining
such an element to it. By applying theorem 8 to ., we can find a function
he%, which is monotonically comparable to each element of 7, and satisfies

k<h<t fortin I, nE>.

By lemma 4, there is a function / which is monotonically comparable with
kand 4 (and therefore with each element of J7,) and satisfies 2 </ < 4 and
! < f,. We now define 7, to be the set of functions of the form [#¢, where «
is real, and ¢ € 7. Then 7, is a scale with the properties (P¥), (P,)—(P,)
and has a countable basis.

Now, it may happen that there is an element g ¢ 7, such that neither
g > f, nor g < f,. In this case we put 7. = J.; otherwise we again form
a new scale by adjoining a suitable element to 7. Clearly f, must be com-
parable with each element of 7, so we can apply theorem 4 to obtain the
required g. Finally, we let 7. be the set of all functions of the form g*¢
where « is real and e T,

Define &, = .. If v is replaced by (r + 1), it is clear that each of con-
ditions (20)—(23) is satisfied. The condition (24) is immediate since &, =
T >2F!>9,>29,>F,forall up<r.

By the wording of the conditions (20)—(24), it makes no difference to
the construction of %, whether v has an immediate predecessor or is a limit
ordinal. Thus, by induction, &, is defined for all u < Q.

If &=u,.q%, itis immediate that & has the properties (Py),
(P,)—(P,); but, naturally, & will not have a countable basis. We now show
that & also has the properties (P;)—(P;). If f € €, then f' = max (f, i) ¢ €%
and therefore /' = f,, for some ordinal x4 < £. Hence there is an element
s € &,, such that s > f and therefore s > /. Since s ¢ &, this proves that &
has property (Pg). Now suppose ge €*; then g =f,, for some ordinal
¢ < 0. There exists s in &, with 2 < s < g. Since s € &, this proves that &
has property (P).

Finally, suppose f in € is comparable with each element of #. Then,
since k& € &, either f is equivalent to &, or f e € or f € €°. Thus, there is an
ordinal » << 2 such that either f = f, or 1/f = /,. There is an element s ¢ &,
such that neither s > f, nor s < f,. Hence, either s or 1/s, both of which are
elements of &, is equivalent to f. This proves that the scale & has the prop-
erty (Pg); i.e. it is maximal.

Thus we have proved
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THEOREM 5. (Assuming the continuum hypothesis). There is an trveducible
scale & which is maximal and dense and for which any two elements are mono-
tonically comparable.

REMARK. It is perhaps worth asking whether anything like theorem 5
can be proved without using the continuum hypothesis. In fact the same
methods work, if we redefine properties (P;), (Pg), (P,) relative to a subset
& <€, for which we know that the power of & is N,, where X, is the smallest
cardinal greater than N . Thus we say that a scale & is maximal relative to o
if it has property: (P; /) if f € &/ and is comparable with each element of &,
then f is equivalent to some element of .

We say that a scale & is dense in o7, if it has properties (Pg,,) and (P, )
obtained by making similar modifications to (P;) and (P,). The method
used to prove theorem 5 then gives, without using the continuum hypothesis:

THEOREM 5. Let o be any subset of € of cardinal R,. Then there is an
irreducible scale & which is maximal relative to of, and dense in <, and for
which any two elements are monotonically comparable.

6. Existence of a scale which is maximal but not dense

In this section, we again need to use the continuum hypothesis, but we
modify the method of construction of theorem 5, so that the scale & ob-
tained has neither of the properties (Pg) or (P;,), though the other properties
are preserved. The idea behind our construction is to ensure, (i) that every
function in & has, for some arbitrarily large values of z, values which are
not too large; (ii) that every function in &% n % has, for some arbitrarily
large values of x, values which are not too small.

Thus we say that two functions f, g in € are exponentially similar, if they
are monotonically comparable and, in addition

lim inf {z1|log f(z) — log g(x)|} = 0.
Z—+00

A subset & < € is said to have the property (Py) if any two of its elements
are exponentially similar. We say that two functions f, g € € are logarith-
mically different, if they are monotonically comparable and, in addition

lim sup log f(z) —logg(@) | _ |
Zort-00 log log =
A subset & < ¥ is said to have the property (P,) if any two of its elements,
which are not equivalent, are logarithmically different. A subset & < € is
said to be a restricted set of functions if it has both the properties (Pg) and (Py).

Our object is to obtain a scale & which has the properties (P§), (F,)—(P;5)

and (Pg), (Pg). Such a scale will have neither of the properties (Pg), (P,).
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In the first place take f(x) = exp . Then no function f of % which is
exponentially similar to the function % of & can satisfy g > /. Hence % has
not got property (Pg). Secondly, take

fx) =1, for 0 £z Ze,
f(x) = logx, for e ==

Then f > %, but there is no function g in € which is logarithmically different
from %, and satisfies f > g > £. Hence & has not got property (P,).

To obtain a scale % which is maximal, and at the same time a restricted
set, it is necessary to modify some of the methods and results of section 4.
We will state the results and sketch the arguments at those points where
care is needed.

In section 4, we made repeated use of the fact that, if /, g, 4 are in ¥ and
[ <g <2#, and, if f and g are monotonically comparable and g and /% are
monotonically comparable, then f and 4 are monotonically comparable.
The new situation is rather more complicated; the most useful results are
summarised in the following lemma.

LemMA 11. Let f, g, h be monotonically comparable functions of € satisfying
[<g=<h.

1f f and h are exponentially similar, then so ave f and g, and g and h. If f and g
or g and h are logarithmically diffevent then so ave f and h.

Lemma 5 obviously has to be weakened slightly in its new form. It remains
strong enough for our purposes.

LeMMA 5A. Suppose 2 is countable and forms a restricted set of functions
of €, and [ is comparable with every function in 2, and there is at least one q of 2
with q > f. Then either (a) there exists a function g, of 2 suchthat f < q, < q,
for every g in 2, other than q.., which satisfies q¢ > f; or (b) there exists a func-
tion g € € such that the set 2 L {g} is a restricted set and | < g < q, for every
q in 2 satisfying q > [.

Proor. Note first that, since any two elements of 2 are logarithmically
different, no two elements of 2 can be equivalent. Hence, if (i) is not satis-
fied, we must be in the situation of case (i) of lemma 5. Thus it is sufficient to
prove that (b} is satisfied when the set 2+ of elements ¢ > f has no minimal
element. We modify the proof of (i) of lemma 5 as follows. Previously, we
chose a sequence {«,} of real constants inductively so that, when a;, a, * -+, &,
were known, «,,, was chosen large enough to satisfy (4)—(7). We now choose
«,,; so that in addition it satisfies

1

(25) inf xllogs,(x) —loggq, (@) <—, s=1,2,:--7r;
“r§z§ar+l r

and
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1 — 1
(26) sup llog s, (@) — log ,(@)| _ y os=12 -
4, STSa,, log log x

unless g, = v,.
The conditions (25), (26) are sufficient to ensure that, when g is added to
9, the new set is still a restricted set.

LEMMA 6A. Suppose t, u in € are exponentially similar and logarithmically
different and f in € satisfies t < f < u, then there exists s in € such that s, t, u
form a restricted set and neither f <s, nor f > s is true.

Proor. The following additional conditions need to be imposed in the
inductive process used in lemma 6 which defines {8,}. If By, Bs, * - *, Bary
are known f,, must satisfy (14) and (15), and in addition,

llOg Sor—1 (ﬂzr) - lOg t(ﬁ2r)l

27 .
(27) log log = =7

Similarly, if 8,, - * -, B;, are known B,,,, must satisfy (17), and in addition,

(28) ]log s2r(ﬂ2r+l) — log u(ﬂZH—l)l > 7.
log log =

The conditions (27), (28) will be sufficient to ensure that s(x) is logarithmi-
cally different from both ¢ and «.

THEOREM 2A. I} T s a countable restricted set of functions of €, and fin €
is comparable with each element of T, then there exists a function g in € which is
exponentially similar and logarithmically different to each element of T, but
which satisfies neither g < f nor g > f.

Proor. If 2, # are the subsets of J such that ¢ < f, ¢ > f respectively
for tin 2, #; the case where neither 2 nor £ is empty follows immediately
as in the proof of theorem 2. The case where one of the sets 2, #, say £, is
empty requires a small change in the argument.

Apply lemma 5A to find an element £, such that f > ¢, > ¢ forall e T
and ¢, together with J form a restricted set. Let

He) = tfe) sup t’ ((?) ,

Then h(z) e € and h(x) = f(x) for all . Further there will be an infinite
strictly increasing divergent sequence &, &,, - - - such that
hE) =1E) 7r=1,2-"".

It is clear that % is monotonically comparable with £, and so with each
function of 7. We now define a function g, which oscillates between ¢, and
!l = 124, as follows:

for all z > 0.
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(i) let o, = 0, gy(x) = I(x) for z > 0,
(1) if oy, o, * 7, Ggpy; L1, 82r " " *» §2,-1 have been defined, we
choose a,, to be such that

g > %gpq + L
and
(29) Bar—1(ttay) > ttp,f () > fo(e,);
and define a function g, () by

g2r(x) = g2r—1(x)! fosz= Kop,

bir) .
82r(T) = gor_1(%ar) s, f %y =T,
to(otzy)
(iii) if oy, ay, * * 7, %y, &1, 820 " * *» L2 have been defined,” we first

choose a,,,; to be such that

Gor(®ari1) < F®gri1)s
and

1
(30) inf  z7llog gy, (x)—log t,(x)| < — fors=1,2,---,7;
7

Agr ST =dgpyy

and define a function g,,.,(x) by

Lori1(T) = gor(x), 1 0 =2 = oy,

lz) .
8ar+1(®) = 8or(%ar11) TRk if agy =2
(tars1)
Here ¢, t,, - - + is an enumeration of the elements of J .

If we put g(x) = lim,_, , g,(«), the condition (29) ensures that g is logarith-
mically different from f and therefore from each element in 7, while the
condition (30) ensures that g is exponentially similar to each element of I
The fact that g is monotonically comparable with each element of .7 and
that neither g > f nor g < f follows, as in the proof of lemma 6. This com-
pletes the proof of the theorem.

Lemmas 7A, 8A may now be stated in terms of countable restricted sets
", and the proofs are immediate. There is no lemma 4A, but lemma 11 to-
gether with lemma 4 will play the role of lemma 4A in subsequent proofs.
No change is required in lemmas 9 or 10, so we can deduce theorems 3A and
4A immediately.

In the inductive definition of scales %, given in section 5, the condition
(22) is now replaced by:

(22A) for p <7, the scale &, is a restricted set.

It will only be necessary to use theorem 4A to find a function g, such that g
together with 7, form a restricted set and neither g > f, nor g < f, is true,
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and put in the scale %, all functions of the type
g%t where « is real, te .7 ,.

All that we need to prove is that &, forms a restricted set. If &« = g, it is
clear that g*¢,, g1, form a restricted set, where £, ¢, are any two elements of
T, If a#p,

[log g*t, — log gty| = o — B| [log g — log 4,
for a suitable function #;¢.7,.

Since g and 7, together form a restricted set, it follows that g*¢,, g#¢, are
exponentially similar and logarithmically different and hence %, is also a
restricted set.

Thus the method used in section 5 yields

THEOREM 6. (Assuming the continuum hypothesis). There is an irreducible
scale & which is maximal, for which any two elements are monotonically com-
parable, but which has neither the property (Pg) nor the property (P,).
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