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1. Introduction

The notions of order and type of entire functions are classical in complex analysis.
They result from a comparison of a given function with standard functions. The
purpose of this paper is to generalise this comparison in such a way that order and
type become dual to each other in the sense of convex analysis (section 4), and to show
that the concept of order so obtained appears as the natural answer to a problem of
extrapolation: to extend convex functions from the union of two parallel hyperplanes
to as large a set as possible (section 7). Then we return to entire functions to consider
an analogous extension problem for them (section 8).

It is shown that the relative order of one function with respect to another can
always be calculated from the growth of its Taylor coefficients (section 6). This is true
for the type only if the growth is sufficiently regular (section 12). We also consider
a generalisation of the notion of regular growth of entire functions, and show that
Whittaker’s decomposition theorem holds for functions which are of irregular growth
(section 9).

In [6] I studied order and type from this point of view, using methods from
my paper [5]. For earlier developments see the references in that paper. See also
Kiselman [7, 8]. A different approach to the relation between maximum modulus
and Taylor coefficients is presented in Freund & Gorlich [1].

This work has been partially supported by the Swedish Natural Science Research
Council.



[ am grateful to Harvir S. Kasana for discussions concerning Whittaker’s decom-
position theorem.

2. Order and type in classical complex analysis

Let h be an entire function in C". Its order and type are defined classically by
comparing h with the function exp(b|z|*) for various choices of the parameters a and
b. More precisely, one considers first estimates

Ih(z)| < Cuel?l”,  zecCm,

and defines the order p as the infimum of all numbers a for which such an estimate
holds (0 < a < 400; 0 < p < +00). In the case where 0 < p < +oo one then
considers all numbers b such that

h(2)] < Cpe® ", zecCm,

for some constant Cj. The type (with respect to the order p) is then the infimum o
of all such numbers b (0 < b < +00; 0 < 0 < +00).

For the order we have the formula
log log |h(z)|

(2.1) p = order(h) = lim sup sup
r—+oo |z|=r 10g7"

Now sup|, |-, log[h(2)| is a convex function of logr in view of the Hadamard three-
circle-theorem, so it is natural to consider the function

f(t) = sup log|h(z)],  teR;

|z|=e*

we shall call it the growth function of h. The definition of order then means that
we consider all numbers a such that

ft) <e™+Cy, teR,

for some constant C,, and then define the order as the infimum of all such numbers
a. (The role of the constant C, is to eliminate all influence of values of f at any
particular point.) Similarly, the type (for order p) is the infimum of all numbers b
such that

ft) <be” +Cy,,  teR.

Now this leads naturally to the idea of comparing with some other function g

instead of the exponential function g(t) = e'. So we might want to consider all

numbers a such that
(2.2) ft) <glat) +Co,  tER,

and then take the infimum of all a.



For reasons which will become clear when we come to the duality between order
and type, it is desirable to change this inequality to

SHE

(2.3) f(t) < =g(at) + C,, t € R.

Now in the classical case, when g(t) = e’, the factor 1/a does not make any difference
whatsoever, for in this case we see that for any a > 0 and any b > a there is a constant
Cyp such that

1 1
g(at) < gg(bt) + Ca,b and Eg(at) < g(bt) + Ca,b~

This implies that comparisons with g(at) and with g(at)/a give identical infima. But
of course there exist functions g such that this is not true (e.g., g(t) = t), and then
(2.2) and (2.3) lead to different definitions of the order.

3. Relative order and type of convex functions

Definition 3.1. Let f,g: F — [—00,+00]| be two functions defined on a real vector
space E. We consider inequalities of the form

(3.1) flz) < ég(am) +c, x e E,

where a is a positive constant and ¢ a real constant. We shall call the infimum of
all positive numbers a such that (3.1) holds for some constant ¢ the order of f
relative to g, and denote it by p = order(f : g).

Ezxamples. The motivating example is
order(t — et 1t el) = A

for all positive numbers A. Trivial examples are: order(a : b) = 0 if a and b are finite
constants; order(f : +00) = 0; order(—oo : g) = 0; order(f : —o00) = +00 except if f
is identically —oo; order(4o00 : g) = 400 except if g is identically +oc.

If g is convex, we know that

1 1-1¢ . (1 1

32 o) < 0F Lot = (5 -1 )o0)# ae). ac

N

if0<a<band ar = (1—t)-0+tbz, i.e., t = a/b. Here the sign + denotes upper
addition, which is an extension of the usual addition from R? to [—oo,+oo]2; it
satisfies (+00) + (—o0) = +oo. Similarly we define lower addition as the extension
of 4+ which satisfies (+00)+ (—00) = —oo. If g(0) = +oo the inequality (3.2) is
without interest, but if g(0) < 400, it shows that the inequality (3.1) for a particular
a implies the same inequality with a replaced by b for any b > a. The set of all
numbers a, 0 < a < 400, such that (3.1) holds is therefore an interval, either [p, +00]
or |p, +oo[ for some p € [0, +oc].

So although Definition 3.1 has a sense for all f and g, it is often desirable to
assume that g is convex with g(0) < +o0o: in this case the order determines the set
of all a for which (3.1) holds, with the exception of one point, the order itself.
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Lemma 3.2. Let f, denote the translate of f by the vector y: f,(x) = f(x —vy). If
one of f and g is convex and real valued, then

order(fy : g) = order(f : g,) = order(f : g).

In particular order(f, : g,) = order(f : g) so that the order is translation invariant
and can be defined on affine spaces as soon as one of the functions is convex and real
valued.
Proof. If f is convex and real valued, we know that
1 1
f@=y) < fb0) + (1- ) f(2)

for any b > 1, if we choose z such that

1 1
x—y:gbx—f—(l—E)z,

ie,if z=—y/(1—1/b). If order(f : g) = p, there are numbers a arbitrarily close to
p such that

fl2) < glaw) +c
We then estimate f as follows:
1 1 1 1 1
fla—y) < 550+ (1= 3)£(2) < glabe) + pet (1-7) 1)

Since f(z) is finite and independent of z, this shows that order(f, : g) < ab, and
since b is arbitrarily close to 1, we see that order(f, : g) < p. If we apply this result
to fy, translating by the vector —y, we get equality.

Similarly, if g is convex and real valued, we can write

1

%g(abx) + %(1 — E)g(z) +c,

where z = —ay/(1 — 1/b), thus independent of x. This shows that, in this case also,
order(fy : g) < ab with ab arbitrarily close to p.

It remains to consider order(f : g,). The arguments are the same as for
order(f, : g); we omit the proof.

It is easy to give examples of functions with values in |—o00, +00] such that the
order is not translation invariant:

Ezample. Let f be the indicator function of the ball B, i.e., let f(x) = 0 when
|z| < r and f(z) = 400 otherwise. Similarly let g be the indicator function of the
ball sB. In the case where 0 < s < r we get

fe—9) < sglale —y) + e <

s s+ [y|
- < ord : = < 1.
o Sor er(fy : gy) R
If s >r >0, we have
s—]y|>§>1 when |y| < 7;
order(fy :gy,) =< =yl ~ r
+o0 when |y| > 7.

We now consider a generalisation of the notion of type in complex analysis.
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Definition 3.3. Given two functions f,g: E — [—00, +00] on a vector space E, we
consider inequalities

(3.3) f(z) < bg(x) + ¢, x € E,

where b is a positive number. We define the type of f relative to g as the infimum
of all positive numbers b such that (3.3) holds for some constant c¢. We shall denote

it by o = type(f : g).

Ezxample. The motivating example is
type(t — Aef’ 1t eft) = A.

The two functions here are the growth functions of the entire functions exp(Az”) and
exp(z”) if p is a natural number, and then A is the classical type with respect to
order p.

If g is bounded from below, the set of all numbers such that (3.3) holds is an
interval, for as soon as by > b we have

bg(w) + ¢ =big(z) +c — (by = b)g(x) < big(w) + ¢ — (b1 — b)inf g = big(z) + 1.

Therefore, although the definition has a sense for all functions, it is clear that it will
often be necessary to assume g bounded from below. In this case the type determines
all numbers b for which (3.3) holds, except the number o itself.

Proximate orders are introduced to give functions of finite order normal type
(0 < 0 < 400); see Lelong & Gruman [10, Appendix II]. The type with respect to a
proximate order is a special case of Definition 3.3.

A generalisation of the classical order and type has been studied, e.g., by Sato
[11] and Juneja, Kapoor & Bajpai [3, 4]. For given integers p and ¢, they study the
(p, q)-order defined as

log” M (r) log" " f (1)

Ppg = limsup = lim sup ,

log[q] r log[q—l} ¢

where M (r) = exp f(logr). (Sato considered this only for ¢ = 1.) Here the brackets
indicate iterations of the logarithm function. Now it is easy to see that the (p,q)-
order is just order(f, : g,) where f,(t) = f(expld=U(t)) and g,(t) = expP~1(t). Both
fq and g, are convex. Their generalisation of the notion of type is, however, different
from that of Definition 3.3. The (p, q)-type is

log[p_l] M(r)

log®~* £ (t)
(log'*~tr)e

= lim sup .
(logl=2 )

Tpq = limsup

For p > 3 this is not the relative type of one convex function with respect to another,
but rather an order: it is the order of f(expl?=2I¢!/?) with respect to explP=2(¢).
Therefore our results on order generalise those of the authors mentioned, but our
type is different, and some of the earlier results on type can be interpreted as orders
in the framework of the present paper.



4. Order and type in duality

The notion of order and type as defined in the last section are dual, or conjugate, to
each other in the sense of convexity theory. We shall express duality here in terms of
the Fenchel transformation: for any function f: F — [—00,+o0] we define

(4.1) f&) =sup(§-z— f(x), €L
el

Here E is a real vector space, and E’ is any fixed linear subspace of its algebraic dual
E*. The function f is called the Fenchel transform of f; other names are the
Legendre transform of f, or the conjugate function. It is easy to see that f is
convex, lower semicontinuous for the weak-star-topology o(E’, F) and that it never
takes the value —oo except when it is equal to —oo identically.

Points where f(z) = +00 do not influence the supremum in (4.1). We shall use
this fact in the following way. Let dom f denote the set where f(x) < 4oc0, the
effective domain of f. Then for any set M such that dom f C M C E we have

(4.2) (&) = Séllla(ﬁ x—f(z), EeF.

The inequality ¢ -z < f(z) + f(€) is called Fenchel’s inequality. Applying the
transformation twice we get

f(@) = sup(&-x—f(§) < f(x), wek.

EeE

Thus always f < f; the equality f = f holds if and only if f is convex, lower
semicontinuous for the weak topology o(FE, E’), and takes the value —oo only if it

is —oo identically. More generally, it follows that ]7 is the maximal convex lower
semicontinuous minorant of f which never takes the value —oo except when it is the
constant —oo. For these properties of the Fenchel transform see Rockafellar [11]. Of

course f depends on the choice of E'; if E' = {0}, then f is the constant inf f. If
E = R" it is natural to take £’ = E* = R™; if E is a topological vector space one
usually takes E’ as the topological dual of E.

Proposition 4.1. Let f,g: E — [—00,400] be two functions on a vector space E.
Then
type( : f) < order(f : g).

Proof. 1f order(f : g) < A, then f(z) < g(az)/a + ¢ for some number a < A, and
we deduce that f(£) = §(€)/a — ¢, which we write as §(¢) < af(€) + ac. Therefore

type(q: f) <a < A

Proposition 4.2. If f,g: E — [—00,400] are two functions on a vector space E,
then

order(7 : J) < type(f : g).

Proof. If type(f : g) < A there are numbers a < A and ¢ such that f(z) < ag(z) +c.

We take the transformation to obtain f (5) > ag(§/a) — ¢, which can be written as
3(8) < f(a€)/a + c/a. Therefore order(q : f) < a < A.
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Theorem 4.3. Let f,g: E — [—00,400] be two functions on a vector space E such
that f: f and?z g. Then

order(g : f) =type(f:g) and type(g: f)=order(f:g).

Proof. We just combine Propositions 4.1 and 4.2.

Corollary 4.4. Let E = R™ and choose E' = R"™. Let f,g:R" — [—00,+00] be
two functions satisfying the hypotheses of the theorem. Assume in addition that f is
finite in a neighbourhood of the origin and grows faster than any linear function, and
that g is not the constant +00. Then

order(f : g) = limsu @
(f:9) Eﬁmpf@)

Proof. If f < M for |z| < & we obtain f(£) > €|¢| — M. Therefore 0 < f < +oc0 in a
neighbourhood of co, and lim f = +o00, so that the type is given by

type(g : f) = lim sup @

§—o0

5. The infimal convolution

The infimal convolution is an important operation in convexity theory. It is actually
dual to addition, so many problems can be reduced to simple questions using the
Fenchel transformation, but it is often preferable to work directly with it. In this
section we just recall the definition. Later, in sections 10 and 11, we shall return to
it to make a more detailed study.

The infimal convolution of two functions f,g: E — [—00, +00] is defined by

(5.1) fD%ﬂzﬁﬂﬂw+g@—w% zek.

Here the sign + denotes upper addition; see section 3. The Fenchel transform of an
infimal convolution is

(fO9 () =fO)+3(&), ek,

where + is lower addition. (It might seem strange that we get lower addition here,
for in general f + g is convex when both f and g are convex, but not f + g. However,

in this case f—{— g equals ]74— g except when it is constant, so it is always convex.)

6. The order of an entire function
Let F € O(C™) be an entire function. We shall measure its growth by

(6.1) f(t) =supllog |[F(2)]; z € C",|2| < €], teR.
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Here |z| can be any norm on C”, or even an arbitrary function which is complex
homogeneous of degree one and positive on the unit sphere. We shall refer to f as
the growth function of F'. In view of Hadamard’s three-circle-theorem, f is convex
and increasing, and we shall write

order(F' : G) = order(f : g)

by abuse of language if F, G are two entire functions and f, g are their growth func-
tions.
One may ask which convex increasing functions can appear as growth functions.

A necessary condition is that of Hayman [2]: for a transcendental entire function
F € O(C), we have

limsup f”(t) > H,

t——+o0
where H is an absolute constant satisfying 0.18 < H < 0.25. Kjellberg [9] proved that
0.24 < H < 0.25. (A similar statement holds for polynomials.) Another necessary
condition is as follows. Define

fi(t) = sup(jt — f(4)),  teR.
JEN
(The epigraph of f; is the smallest polygon which contains the epigraph of f and
whose sides have integer slopes.) Then there is a constant C' such that

fO) =C< filt) <f(t), teR.

Moreover the best constant C satisfies log2 < C' < log 3 (Kiselman [7, Proposition
5.1]). These two results are not unrelated, for the latter implies that H > (8C)~1.
With C' = log3 this gives H > (8log3)~! ~ 0.11, which is much weaker than the
Hayman-Kjellberg result. On the other hand, that statement does not say anything
about tangents of integer slope.

If two entire functions F' and G are given, we consider their expansions in terms
of homogeneous polynomials P; and @);:

F(z)=) Pi(z), G(z2)=) Qi)

and ask whether we can determine order(F' : (G) from knowledge of the growth of
|P;| and |Q;]. It turns out that this is so. For the classical order, when G = exp,
this is well known. We shall see in section 12 that this is not necessarily true for
type(F : G).

So let F' be given with an expansion in terms of homogeneous polynomials P;.
Cauchy’s inequalites say that

|P;(2)| < exp(f(log|z])),

but the homogeneity of P; also gives

i) = Pyt 121) < I expl(£(1)) = [2P exp(f(1) ~ )



for all real ¢ and all z € C™. We take the infimum over all £ and get
[Py(2)] < |aPe 1.
We define the norm || P;|| of the homogeneous polynomial P; as

|P;|| = sup |P;(z)], jeN.

2l<1

(When n = 1 we have a Taylor expansion F(z) =Y a;27 and ||P;|| = |a;|.) We next
define a function p: R — |—00, 400] as

_ —log || P || when j € N;
(6.2) G) = { )

+00 when j € R\ N.

We shall call p the coefficient function of F. Cauchy’s inequalities become just
| Pj|| < exp(—f(j)), or more concisely

(6.3) p=f on R.

This implies of course that p < f: f. Note also that

exp p(logr) = sup sup |P;(2)|.
JEN |z|<r

We now ask for inequalities in the other direction. To describe this result we
need an auxiliary function K which is defined as follows:

—log(1 —e'), t < 0;
400, t > 0.

(6.4) K(t) = {

We have K(t) > —log(—t) when ¢t < 0 (a good approximation for small [¢|) and
K(t) > €' for all t (a good approximation for ¢t < 0). The Fenchel transform of K is

TlogT — (7 + 1) log(7 + 1), 7> 0;
K(r)={0, T =0;
+00, T <0.
We note that
(6.5) —1—log(t+1) < K(r) < —log(r+1), 7>0.

The inverse of K is given by K ~!(s) = —K(—s) for s > 0: this means that the graph
of K is symmetric around the line s +¢ = 0. This symmetry corresponds to the
functional equation K(1/7) = K(7)/7, 7> 0, for the transform.
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Theorem 6.1. Let F' be an entire function in C™ and define f and p by (6.1) and
(6.2), respectively. Then

(6.6) p<f<pOK on R.

Proof. We have just noted that Cauchy’s inequalities give p < f f. To estimate f

from above we write
<Y NP - 2P <) exp(=p(h) + 4t),
where ¢ = log |z|. We shall apply Fenchel’s inequality jt < p(j)+ p(¢) in the form

—p(j) + jt < js+p(t — s).

This gives
F(t) <log Z e~ PU)HIt < log Z edstp(t—s)

S el k)
: 1—es
JjeN
if s < 0, which is why we introduced K. Thus f(t) < p(t — s) + K(s) for all t € R

and all s < 0. Now for s > 0, K(s) = +o00, so then the inequality also holds, and we
can let s vary over the whole real axis:

f(t) < 1nf( p(t —s)+ K(s)) = (p 0 K)(t), teR.

We observe that

This proves the theorem.

The inequalities (6.6) say that the graph of f is in a strip whose lower boundary
is the polygon defined by p and whose upper boundary is given by p O K. Since
K(—1log2) = log2, the width of this strip is at most v/2log2 ~ 0.98 < 1.

Applying the Fenchel transformation to all members of (6.6) we get:

(6.7) p2p>f2p+k,

where K can be estimated by (6.5).
For lacunary series we can state:

Theorem 6.2. Let F' be lacunary: P; =0 for j ¢ J. Then
5 < f < ﬁ U KJ on Ra

K(s) =log (Zejs>.

Jjed

where

Proof. Just restrict summation in the proof of Theorem 6.1 to 5 € J.

It could be noted here that for any convex function H which is positive on the
negative half-axis and tends to +oo as t < 0, t — 0, there exists an infinite set J C N
such that K; < H.

Theorem 6.1 implies that the norms of the homogeneous polynomials P; can
serve just as well as the growth function f to determine the order of F' relative to
any other function. More precisely we have:
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Corollary 6.3. Let F' be an entire function on C", let f be its growth function
defined by (6.1), and let p be its coefficient function defined by (6.2). Assume that F
s not a polynomial. Then

order(f : p) = order(p: f) = 1.

Proof. From (6.6) we get immediately
order(p: f) <1, order(f:p 0O K) < 1.

Now pO K(t) < p(t+ 1) + K(—1) and Lemma 3.2 shows that the translation of p
does not influence the order, neither does of course the additive constant K(—1).

Therefore
order(f:p) <order(f:pOK) < 1.

It follows from Corollary 4.4 that order(f : f) = 1. By submultiplicativity,

1 =order(f : f) < order(f:p)-order(p: f) <1,

so that all orders must be one. (When F' is a polynomial, order(f : f) = 0 and
order(f : p) = order(p: f) =0.)
Corollary 6.4. Let F' be an entire function in C™, with expansion

F(z) =) Pi(2)

in terms of homogeneous polynomials P;. Let f be its growth function defined by
(6.1) and let p be its coefficient function defined by (6.2). Let g:R — [—o0, +0o0] be

any function which satisfies g = g. Then

(6.8) order(f : g) = order(p : g) = type(g : p).
When F' is not a polynomial and g not identically +o00o, the order is also given by

imsu M
(6.9) lejLoop o)’

Proof. Using Corollary 6.3 we can write

order(f : g) < order(f : p)-order(p: g) = order(p: g)
provided F' is not a polynomial. Similarly
order(p : g) < order(p: f) - order(f : g) = order(f : g).

The last equality in (6.8) follows from Theorem 4.3. If F' is a polynomial, one can
verify (6.8) directly, using p < f < p+1log N, where N is the number of terms in the
expansion (see Theorem 6.2). The only possibilities are then order(f : g) = 0, +00.
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We finally have, if F' is not a polynomial,
type(q : 5} = lim sup @ = lim sup M
p(7) p(j)
The last equality holds because on the one hand ]5: < p, on the other hand ]’g =pina
sequence of integers tending to infinity, and p is affine in between these points.
Formula (6.9) generalises the classical formula for the order
jlogj

p = lim sup
—log |a,|

of an entire function Y a;2/. Indeed, when the comparison function is g(t) = e,
then §(j) = jlogj — j.
The (p, q)-order of Juneja, Kapoor & Bajpai [3, Theorem 1] is determined in
terms of the coefficients by the formula
log[p_ll j
logl™! (= (1/4) log a,)’
we state it only for p > ¢ > 1 here. Sato [11] proved this for ¢ = 1. In the latter case
(6.9) is a generalisation. For ¢ > 2, however, this is not so, since then f(expld=1¢) is
used as the growth function and consequently defines another relation between the
coefficients a; (or p(j)) and f.
It could also be noted here that Corollary 6.4 generalises the classical result that
the order can be calculated from the dominant term in a series expansion Y a;z.
Indeed, with ¢ = log |z| the maximal term is just
sup |a;z7| = expsup(jt — p(j)) = expp(t).
j J
Another classical result does not generalise easily, however. The classical order
is also given by

Pp,q = limsup

log N ()

=1
p = limsup log 1

Y

where N(r) is the rank of the maximal term. In our notation this would be one of
the numbers j = j; such that the equality jt = p(j) + p(t) holds. We can take it as a
one-sided derivative j; = p’(¢) (the undeterminacy is unimportant). When p is like
exp, its derivative is also like exp, so that

p(t) = @o @) ") = ji,
yielding

. log ji
p = limsup a

but in general p o (p’)~! is far from the identity. More precisely, order(p : g) <
order(p’ : g) as soon as the function g satisfies the following condition: for any a > 1
there is a constant ¢ such that

1
tg(t) < gg(at) +c.

This follows easily from the inequality p(t) < p(0) 4 tp’(t). But the other inequality,
order(p : g) = order(p’ : g), holds only under special conditions on p.
When we have two entire functions we can state:
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Corollary 6.5. Let F,G be two entire functions in C™, with expansions

F(z) =) Pi(z), G(z)=) Q)

in terms of homogeneous polynomials Pj, Qj. Let p and g denote their coefficient
functions defined by (6.2). Then

order(F : G) = order(p : §) = type(q : p).

Proof. The proof is analogous to that of Corollary 6.4.
We can also define a growth function related to the growth of an entire function
on polydisks, and to Taylor expansions in terms of monomials. Let us define

(6.10) f(x)= sup log|F(2)|, r e R,

|zj|<exp x;

if F'is an entire function on C™. Then f is convex in R™. The function F' has an
expansion

F(z)= > AF, zecC,

where z¥ denotes the monomial zfl - zkn of multidegree k = (ki,...,k,) and total

degree ki + - -+ + ky. Cauchy’s inequalities now say that, for r = (r1,...,r,) with
r; > 0,
|Apr® < sup |F(z2)| = ef @), z; =logr;.

|25 1<r;

This gives |Ag| < exp(f(x) — k- z) for all z € R™, and therefore, after variation of z,
Ak < exp(=f(k),  keN™

We introduce in analogy with (6.2)

“log |A hen k € N™;
(6.11) a(k):{ o8 | A WaeH

+0o0 when k£ € R™ \ N".

Then a > fand a < ]7: f. Next define K, (z) = K(x1) + -+ K(z,) for z € R™.
In complete analogy with Theorem 6.1 we have:

Theorem 6.6. Let F' be an entire function in C™ and define the growth function f
and the coefficient function a by (6.10) and (6.11), respectively. Then

(6.12) a< f<aOK, on R".

A variant of the growth function can be defined as follows. Let u be a plurisubhar-
monic function on C™ which is extremal in the set a < u(z) < b: it is the regularised
supremum of all plurisubharmonic functions ¢ in a neighbourhood of the closure of
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{z; a < u(z) < b} which satisfy ¢(z) < a when u(z) < a and ¢(z) < b when u(z) < b.
We suppose that {z; u(z) < b} is bounded, and define for F' € O(C™)

fult) = Slzlp(log [F'(2)]; u(z) <t).

Then f, is easily seen to be convex on ]a, b]. (The growth function f defined by (6.1)
is with respect to the extremal plurisubharmonic function u(z) = log|z| provided |z|
is a norm or more generally log|z| is plurisubharmonic; if not, we can replace it by a
suitable plurisubharmonic minorant.)

We can for instance ask whether a holomorphic function on a complex analytic
variety X admits an entire extension of the same order: if F € O(X), X C C",
does there exist an entire function G € O(C™) such that order(G : F)) = 17 Here it
might be natural to define the growth functions f, and g, of F' and G with respect
to extremal functions v on X and v on C™, respectively.

7. A geometric characterisation of the relative order

In this section we shall give a geometric interpretation of the relative order. Let E
be a real vector space. We consider two hyperplanes E x {0} and E x {1} in the
Cartesian product E x R. Now let two functions fy, fi: E — |—00,+00| be given.
We consider them as defined on E x {0} and E x {1} respectively, and want to find
a function F: E x R — |—o00, +00] extending them, i.e., a function such that

F(,I,j):f](x), eru ]2071

If the f; are convex, a solution is of course the supremum of all convex minorants to
the function f(z,t) = fi(z) ift =0o0rt =1, f(x,t) = +00 otherwise. This solution
is the largest possible: it majorises all others. But it is of no interest outside the slab
{0 <t < 1}, since it is always +oo there.

In general there is no unique solution, for we can always add t? — ¢ to any given
solution. We can however write down an explicit formula for an extremal solution.

Proposition 7.1. Let E be a real vector space and E’ a subspace of its algebraic
dual.  Let fo, fi: E — ]|—o00,+00] be two given convexr functions which are lower
semicontinuous with respect to o(E,E"). We assume that they are not identically
plus infinity. Then the extrapolation problem

(7.1) { Find F: E x R — |—00,+00] such that

F(x7.7>:fj(x>7 (L’EE, j:0717

has a solution

F(o,t) = sup [€2 = (1 = 0Jo(€) = t/:(6); € € dom fo U dom fy
(7.2) B B
=swl¢o— (1-0f@+th©) ¢ Bl (mneBxR.

This solution is extremal in the sense that any convexr solution G which is lower
semicontinuous in x satisfies G < F in {0 <t < 1} and G > F outside this slab.
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Proof. First a word about the definition of F'. We note that the function t — t-(+00)
is convex on the whole real line, if we define 0 - (+00) = 0. We also note that in the
first expression defining F' at most one of the three terms is infinite, for we have
—o0 < f; < +oo everywhere, and at most one of them is allowed to be plus infinity
in the set of ¢ which we use. Therefore F' is well defined, and it is convex as a
supremum of functions of (z,t) each of which is an affine function plus possibly one
function of the form (¢ — 1) - (+00) or (—t) - (+00). Moreover, for t = j the function

F assumes the values f](x) = fij(z), j = 0,1, in view of (4.2). Therefore it is a
convex solution to the extension problem. It is of course not lower semicontinuous in
all variables, but it is lower semicontinuous in x for fixed .

Now let G be another convex solution to the problem. Let us consider

Gi(&) =sup(¢ -z —G(x,t)), teR, £c€FE.
xeFE

It is concave in ¢ for fixed &, for it is the marginal function of a concave function of
(x,t). It satisfies moreover G;(§) = f;(€), 7 = 0,1. If we assume that G is lower
semicontinuous in x and > —o0, we also have

G(a,t) = sgp(& -z — Gy(€)).

When 0 <t < 1 we have
dom((1 — t)fo + tfl) = dom fo Ndom f; C dom fo U dom f;.

The fact that éj = E for j = 0,1 implies that Gy > (1— t)fvo +tf;. This gives
G < F. N N N

When t < 0 or t > 1 the concavity in t gives Gy < (1 —t)fo+ tf1 and then
G > F'. This establishes the extremal character of the solution F'.

We now ask how far outside the slab {0 < ¢ < 1} we can obtain a real-valued
solution to the extrapolation problem. An answer is given by the next theorem.

Theorem 7.2. Let fy, f1: E — |—00, +00| be two given convex and lower semicontin-
uous functions. Assume that fo(0) < +oo. If the extrapolation problem (7.1) admits
a convex solution F' which is finite at a point (0,t) with t satisfying 1 < t < +o00,

then
t

order(fy : fo) < e

Conversely, if 1 < order(f1, fo) = p < +oo, then the extrapolation problem has a
lower semicontinuous convex solution F with F(0,t) < 400 for all t with 0 < t <
p/(p —1). Thus if we denote by b the supremum of all numbers t such that there
exists a solution F which is finite at the point (0,t), then

b
d : =p=——=10.
order(fi : fo) =p b1
(We assume 1 < p < +oo and 1 < b < 400.)
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Proof. If F' is convex we have

1

F(z,1) < FWMJD+<1—5)FWJL

SHES

where a > 1 is chosen so that
1 1
(%D:—mam+@——yuﬂeExR
a a

ie,a=t/(t—1). Now if F(0,t) < o0 this inequality shows that

fu(a) < —folaz) + e

in other words that order(f; : fo) <a=t/(t—1).
Conversely, if order(f1, fo) < p with 1 < p < +o0, then the solution F' defined
by (7.2) has the desired properties. We need only estimate F' as follows. For any

a > p we know that fi(z) < fo(azx)/a + ¢ which gives f; > a_lﬁ) — ¢. In particular
we see that dom fo D dom f;. For any t < a/(a — 1) we can write, letting & vary in
dom f(),

Fla.t) <sup[¢- o= (1 =0)/o€) —t(a™"fo(6) —¢)] =
= sgp [E-z—(1 —t—l—t/a)fo(f)] +te =

=(1—t+t/a) sgp[(l —t+t/a) ez — fo&)] + te = b fo(x/8) + te,

where ¢ is the positive number 1 — ¢ + t/a. Now, since we assume that f,(0) < +o0,
this shows that F(0,t) is finite for all ¢ € [0,a/(a — 1)[, and since a is any number
larger than p, the function is finite for all ¢ € [0, b].

For real-valued functions the geometry is particularly simple:

Corollary 7.3. Let fo, f1: E — |—00,+00| be two functions as in Proposition 7.1
and assume in addition that one of them is real valued. If the extrapolation problem
(7.1) admits a convex solution F which is finite at some point (x,t) with t satisfying

1 <t < +4o0, then
t
order(fy : fo) < e

Conversely, if 1 < order(f1, fo) = p < 400, then the extrapolation problem has a
lower semicontinuous convex solution F' which is real valued in the slab

Ex)0,p[={(z,t) e ExR; 0<t < p'},

where p' = p/(p—1); 1 < p' < +o0.
Therefore the relative order of f; with respect to fy is determined by, and determines,
the maximal slab E x |0, b[ in which our extrapolation problem has a solution.
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Proof. Suppose f; is real valued (j = 0 or j = 1). It is clear that if a solution F
is finite at some point (z,s) with s > 1, then F' is finite in the convex hull of the
union of (z, s), some point (y,0) where f is finite, and the hyperplane E x {j}. This
convex hull contains the slab E x ]0, s[. Thus Theorem 7.2 implies Corollary 7.3.

It follows again (cf. Lemma 3.2) that the notion of relative order is translation
invariant for real-valued convex functions (at least when 1 < p + oo). Indeed, the
slabs are invariant under transformations (x,t) — (x — (1 — t)y — tz,t) for all y and
z; these transformations correspond to translations fy +— fo, and fi — fi ..

8. An extension problem for holomorphic functions

In this section we shall first characterise the classical order in terms of an extension
property of holomorphic functions. Then we pass to the relative order.

Theorem 8.1. An entire function F € O(C™) is of order at most p (1 < p < +00)
if and only if there exists a holomorphic function H in the cylinder

Q={(z,w) €C" x C; || <e’},

where p' = p/(p — 1), satisfying

(8.1) |H(z,w)| <e*l forzeC™, |w| <1
and
(8.2) H(z,e) = F(z) forze C".

Proof. Suppose such an H exists. Then putting
(8.3) h(s,t) = sup [log |H(z,w)|; |2| < €°, |w| < €'], seR, t<p,
we get a convex function of (s,t) which satisfies h(s,0) < e® and h(s,1) > f(s).

Therefore, applying Corollary 7.3 with fo(s) = h(s,0) and fi1(s) = h(s,1), we can
write

order(F' : exp) < order(f; : exp) < order(f; : fo) - order(fy : exp) < p.

In the other direction the results of section 7 give only convex, not holomorphic,
solutions to the extrapolation problem. But it turns out that there is an explicit
solution in terms of power series.

We expand F' in a series of homogeneous polynomials:

2)=> Pj(2)
Then we just define

ZP Y(w/e)™
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where the integers m; are chosen large enough to make (8.1) true. This means that
we take )
[Pjlle™™ < =

!

On the other hand, we do not want to take them unnecessarily large, so we prescribe
that

log || P;|| + log j! < m; < log||P;|| + log j! + 1

unless P; = 0 in which case the choice of m; is immaterial, so we may take m; = 0.
Since F' is of order p, we know that for any a > p there is an estimate f(t) <
e + C,, which implies that

flr) = %(logg —1> - C,

and

(8.4) —log |7l = p(j) = F(3) = 2 (1og 2 —1) - Cu.

This estimate shows that the series defining H converges uniformly on any compact
subset of Q. In fact, the series defining H converges uniformly for |z| < R; < R and
lw| < rp < rif |Pj||[R/(r/e)™ — 0. Substituting the expression for m; we see that
this is true if (logr — 1)logj! — p(j)logr + jlog R — —oo. Now this holds for all
positive R if

_ | 1
(log r 1)10g'j. p(j)logr .
J

Using finally the estimate (8.4) for p and the inequality j! < j7 for the factorial
function we see that this follows if

1 .
(logr — 1)logj — —(logl — 1) logr — —o0,
a a

which in turn is true if logr < a/(a — 1). Here the only condition is that a > p, so
the series defining H converges locally uniformly in the set log|w| < p/(p — 1).

Theorem 8.2. Let two transcendental entire functions F,G € O(C™) be given, and
let 1 < p < +4o00. We define an open set €} in the space of n + 1 variables as
Q={(z,w) e C" x C; |w| < e},

where p' = p/(p—1) (1 < p’ < +00). For a holomorphic function H in Q we denote
by hy the growth function of the partial function z — H(z,w). Let K denote the
function defined by (6.4). Then the following five conditions are equivalent.

(a) order(G : F) < p.

(b) There exists a holomorphic function H € O(Q) satisfying

hy < fOK when|lw| =1, and g<h, OK when|w| =e.
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(t') There ezists a holomorphic function H € O(Q) satisfying H(z,1) = F(z),
f<h,OK, and h, < fOK when|w| =1,

and
g < hy,OK when |w|=e.

(c) There exists a holomorphic function H € O(R2) satisfying H(z,e) = G(z) and
hy < fOK  when |w| = 1.
(') There exists a holomorphic function H € O(Q) satisfying H(z,e) = G(z),
g<h,OK and hy,<gOK when|w| =e,

and
hy < fOK  when |w| = 1.

In particular, order(H(-,w) : F) < 1 for |w| = 1 and order(G : H(-,w)) < 1 for
|lw| = e if H is the holomorphic function whose existence is guaranteed by (b), (b’)
or ().

Proof. The proof that (b) implies (a) and that (c) implies (a) is just like the easy
direction in the proof of Theorem 8.1. If H is a holomorphic function satisfying (b)
or (c) we let h be the growth function of two real variables defined by (8.3); it is
related to the h,, by the formula h(s,t) = sup|,—ct hw(s). By submultiplicativity we
then have

order(g: f) < order(g : h(-,1)) - order(h(-,1) : h(-,0)) - order(h(-,0) : f) < p.

It is also clear that (b’) implies (b) and that (¢’) implies (c).
For the proof of (a) implies (b’) we expand F' and G in terms of homogeneous
polynomials:

F(z)=) Pi(z), G()=) Q)

JEN JEN
and define
H(z,w) = Z Pi(z)w™ + (w—1) ZP;(z)wmﬂ',

JEN Jj¢J

where J is the set of all j € N such that p(j) < 5(]) + log 3, p being the coefficient
function of F' defined by (6.2). Moreover m; are suitable integers and P} homoge-

neous polynomials of degree j and norm || P} || = %exp(—]’g( 7)) = ||P}l|- Let p,, denote
the coefficient function of the entire function H(-,w). Consider first |w| = 1: when
j € J we have p,(j) = p(j), and when j ¢ J we can estimate as follows:

[Pjw™ + (w = 1) Pyw™ || <[Pyl + 2 P§ || < 3] Pf[| = exp(=p(7)),
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so that p,(j) > 5( j) when j ¢ J. Therefore we have p,, > p everywhere and p, = p
in J, which implies p,, = p for |w| = 1. Thus in view of Theorem 6.1,

hy <p, OK=pOK<L fOK aswellas f<pOK=p,0K <h,O0K.

This far the numbers m; play no role; we shall now choose them to get the right
kind of growth of H(-,w) for |w| = e. When |w| = e and j € J we have p,(j) =
p(j) —mj < p(j) —m; +log 3. The homogeneous part of degree j ¢ J in H(z,w) can
be estimated as

[Pjw™ + (w = 1) Prw™ || = €™ (|| (w = 1) PF|| = [|5]])

—2 exp(m; — 5(7)),

> e™i(e—2)| Py = <
which gives

Pw(i) = p(j) —m; < p(j) —m; +log3 < p(j) —m; +2,  jeJ,

puli) < 70) —m; tog (“52) <) -y + 2, Iy

We shall now choose the integers m; as follows. If p( /) = 400 (this can happen for
finitely many numbers j only), then also q( j) = +oo and we choose m; = 0. If p( ) <
+00 we choose m; as the smallest non-negative integer which is > ﬁ(]) q(j) + 2.

Thus in all cases p,, < ¢ for every w with |w| = e, so that ¢ < p,, and we get
g<qOK<p,O0K < h, OK, lw| = e.

Finally we have to make sure that H is holomorphic in all of €2. To prove this it
is enough to prove that

|P;||[R7r™ —0  and  |[Pf[|R/7r™ — 0
as j — oo for all R and all r < e’ . This in turn follows if we can prove that

(8.5) mjlogr —p(d) | _ o q  Muloegr—pG)

J J

We shall use the fact that type(p ?]) = order(g : f) < p, which yields an inequality
]'5 < aq + C, for every a > p. If m; = 0, the first expression in (8.5) is at most

( /)/j which certainly tends to —oo. If m; > 0, it can be estimated by (it suffices
to consider r > 1)

mlogr — p(j) _ (B(j) = 4(J) +3)logr — p(j) _ (j)(alogr —logr — a) + O(1)
j B j B j

)

which tends to —oo if logr < a/(a — 1).
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If mj; = 0, the second expression in (8.5) is —p*(j)/j = —(]:5(]) —log 3)/j which
tends to —oo; if m; > 0, it can be estimated by

m; logr — p () _ (G) —q() +3) logr —p(j) +log3

<
J J
o q(j)(alogr —logr —a) + O(1)

J

which tends to —oo as soon as logr < a/(a — 1); here again a is any number greater
than p. This proves that the series defining H converges locally uniformly in €2 and
finishes the proof of (b’).

The proof that (a) implies (¢’) is similar to that of Theorem 8.1. This time we

define
H(z,w) =) Qi(2)(w/e)"™,
JEN
where we shall choose integers n;. Then obviously H(z,e) = G(z). For |w| = e we
have p,,(j) = q(j). This gives p,, = ¢ and therefore, for all w with |w| = e,
hy <ppy O K=qOK<gOK aswellas g<¢qOK=p, 0K <h, OK.

For |w| = 1, on the other hand, we obtain

1Qj(w/e)™ || = exp(=n; — q(4)) < exp(=n; = q(j))-

Thus, when |w| = 1 we have

Puw(i) = a(§) +nj = q(5) +ny.

We now choose n; so that p,, > p, which implies p,, < p and yields the estimate
hy <Py OK<pODK<[fOK.

To be explicit, if 5(]) = 400, then 5(;) = +oo and we take n; = 0; if 5(]) < +00,

we take n; as the smallest non-negative integer greater than or equal to p(j) — q(j).

This guarantees that p,, > ]g and gives the estimate above. On the other hand, n;
is not too large, which will ensure that ||Q;|| R’ (r/e)™ tends to zero for every R and
every r < e and hence that H is holomorphic in €2. The calculation is very similar
to the one we just carried out in the case of (b’) and is omitted.

9. Whittaker's decomposition theorem

In analogy with (2.1) one defines classically the lower order of an entire function as

log log |h
(9.1) A = liminf sup w.

r—-+o0 |z|=r IOgT
The obvious generalisation is:
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Definition 9.1. Whenever the order of g relative to f is defined, we define the
lower relative order of f with respect to g as

lower order(f : g) = 1/order(g : f) € [0, +00].

According to the terminology of Whittaker [13] functions with A = p < +o0 are said
to be of regular growth. He shows that if an entire function has gaps in the sense
that

F(z):Zakzm’“, z € C,

with lim sup(log my41/logmy) > 1, then F' is not of regular growth. And conversely,
if a function is of irregular growth, then it can be represented, for every u satisfying
A< p<p,asasum F = Fy+ F; where Fj is of order at most p and I} has gaps as
indicated.

We shall prove here a complete analogue of Whittaker’s results for the relative
order. The results will also generalise Theorems 4 and 5 of Juneja, Kapoor & Bajpai
[3]. Since there is no such thing as absolutely large gaps in a world of relative
growth, the size of the gaps will have to be measured by that same function g which
we use to define order and lower order. If an entire function has gaps which are
large as measured by g, then it is of irregular growth with respect to g, meaning that
order(f : g)-order(g : f) > 1, and conversely, if a function is of irregular growth with
respect to g, then it can be decomposed as in the classical case. The gaps will be
measured as follows.

Definition 9.2. Let ¢ be a function defined on R. Assume that ¢ > 0. Then the
p-gauge of an interval [o, 7] is

(- 9)(0) +sel0)
2 Tl = R = o ar)

Example. If (1) = 7log T — 7, then J,(0,7) ~log7/logo for o < 7, in the precise
sense that J,(o,7)logo/log T tends to 1 as 0 — 400 uniformly for all 7 > o. Since
this ¢ is the Fenchel transform of the classical comparison function exp, we see that
the results below will give Whittaker’s when g = exp.

Theorem 9.3. Let g:R — R be an increasing convex function which grows faster
than any linear function, and let I be an entire function with an expansion F =
> Py, in terms of homogeneous polynomials of degree my. We assume that order(f :
g) < +oo. Then
order(f : g) - order(g : f) > limsup Jg(mg, miy1).
k—4o00

In particular, if F' has gaps which are large as measured by g, then F' is of irregular
growth relative to g.

Proof. Denote the limit superior in the statement by a (1 < a < 4+00). Given any
number # < « we can choose s such that
(1 — sk)g(mk) + skg(mi+1)
5((1 — sk)mk + Skmk_H)

= f
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for an infinite sequence of indices k. Let p = order(f : g) = order(p: g) = type(g : 5)

Then we know that g < (p + €)p for large arguments, so we can write

(1 — sk)p(me) + skp(mp1)
g((1 = sg)my + sgmp1)

(J)
(Jr)’

where we have defined ji = (1 — sg)my + sgmi41, and where the last equality holds

=N

B<(p+e) =(p+e)=

Q

because ]’g is affine in the interval [my, mgy1]; this follows from the fact that there are
gaps, which means that p is +00 on the interior of that interval. Hence

d : f) =ord D)=+t 5 d > )
order(g : f) = order(g : p) = type(p : g) s

If we now let 3 tend to a we get order(g : f) - order(f : g) > a.

Theorem 9.4. Let F € O(C"™) be an entire function and let g be any convex in-
creasing real-valued function on R. Assume that F' is of finite order and of irreqular
growth relative to g, 1. e.,

+o0o > p=order(f:g) > A=1/order(g: f) > 0.

Then for every p satisfying A\ < p < p there is a decomposition F = Fy + F}
where order(Fy : g) < p and where Fy has gaps which are of g-gauge at least j1/A
asymptotically.

Proof. We define

J={jeNip(j) >3()/n}, Fo=)>_ P
jeJ

Let po denote the function which agrees with p on J and is +oo elsewhere. Then

po = g/ on J and therefore everywhere, which implies 50 > g/u, and we see that
Fy has order at most yu:

order(Fp : g) = order(pp : g) = type(g : 50) < [

We shall prove that Fy = F' — Fp has gaps as indicated. Let p; denote the function
which agrees with p on N\ J and is +00 elsewhere. Then p; is affine in every interval
which does not meet N\ J. By the definition of lower order, there exists a sequence

(jk) such that
~ |
N Y
plik) = )\_I_l/kg(Jk)

Let my, be the largest element in N \ J which is smaller than ji, and let ny be the
smallest element in N\ J which is larger than ji. Since my, ny are elements of N\ J,

we know that gl(mk) < pi(my) = p(my) < g(my)/p and similarly at ng. Since the
interval |my, ni| does not meet N \ J, the function p; is affine on [my, ng]. Then if
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we define s so that (1 — s)my + sng = jr we have (1 — s)ﬁl(mk) + spi(nk) = (Jk),
and

(1 —s)g(mx) + sg(n) S (1 — 8)upr (mx) + sppr (ng)

J5(my, ng) >

(i) g (A + 1/k)p ()
_ 151 (ji) __ K ., K
A+ 1/B)pi(s) AT 1/k A

Thus the gaps as measured by g are at least /A asymptotically; we have proved our
claim.

We shall now discuss an analogous result for Taylor expansions > Apz*. We
have to modify the measure of gaps. Let i4 denote the indicator function of a set A;
it is zero in A and 400 in the complement.

Definition 9.5. Let ¢ be a function defined on R"™. For M C N" we define

(9.3) om = (o +inm\m)

the convex minorant of the function which agrees with ¢ in N™ \ M and is 400 in
M as well as in R™ \ N™. Then the p-gauge of M is

Jom(§) = o (§)/¢(§), EeR”, 0<p§) < +oo.

Note that we define J, as only at points where 0 < ¢(&) < +o0.

Theorem 9.6. Let g: R™ — R be a convex function, and let F' € O(C™) be an entire
function with Taylor expansion F(z) =Y. Apz®. We assume that 0 < § < 400 and
that F is of finite order relative to g. If F' has gaps which are large as measured by g,

then F s of irreqular growth relative to g. Quantitatively we express this as follows.
Let M denote the set of all k € N™ such that A, = 0. Then

order(f : g) - order(g : f) = limsup Jg 1 (),

§—o0

where & — oo means that g(§) — +oo.

Proof. We write gpr = (g)a for the function defined by (9.3) with ¢ = g. Denote by
« the limit superior in the statement of the theorem (1 < o < +00) and fix a number
f < a. Then there is a sequence (§;) such that 0 < g(&;) < 400, g(&;) — 400 and
such that

gm(&5)/9(&5) = B
We know that N
p =order(f : g) = order(a : g) = type(g : a),

so that for any positive ¢ there is a constant ¢ such that g < (p—i—a)g—i— c. Now @ < a,
so0 g < (p+ €)a + ¢, which implies that

g+inmm < (pFe)a+tc,
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for a = 400 in M U (R™\ N"). This gives, by the definition of gy,

Ggu <(p+e)a+e,

SO

gm(&) _ (pte)a(§;) +c
9&) — 9(&; '

Now g(§;) — +o00 so the constant ¢ does not interfere. We get finally

G <

B
p+e

order(g: f) = type('g 1g) =

Since (/(p + ¢€) is arbitrarily close to a/p, this finishes the proof.

Theorem 9.7. Let F € O(C™) be an entire function with growth function f defined
by (6.10), and let g be any convex real-valued function on R™ with g > 0. Assume
that F s of finite order and of irreqular growth relative to g, i. e.,

+o00 > p =order(f : g) > A =1/order(g: f) > 0.

Then for every p satisfying A\ < p < p there is a decomposition F = Fy + F
where order(Fy : g) < p and where Fy has gaps which are of g-gauge at least pu/\
asymptotically in the sense that limsup Jz k(&) = p/X, where the limit superior is
taken to mean that g(§) — 400 if A > 0, and to mean that a(§) — +oo when A = 0.

Proof. Define
K ={keN"; a(k) > g(k)/u},

Fo(z) = Z Ap2", and Fi(z) = Z Ap2".

keK kENT\ K

Let ag be the function which agrees with a in K and is +oo outside, and let a; be
the function which agrees with a in N™ \ K and is 400 outside. Then a > g/pu in K

so ag = g/p in K and therefore in all of R™. This implies that ag > ¢g/p and hence
order(Fp : g) = order(aop : g) = type(g : go) < u.

In N™\ K we have the inequality ua < g; therefore also pa; < g there, for a; = a
in N\ K. This implies pa; < g+ inn\ k. By definition of the function gx = (9)x
we therefore deduce

pay < (g +inm\ k) = JKk-

So finally, for all £ such that 0 < g(§) < 400,

Ji.x(§) =



It remains to be proved that a /g = 1/X in a suitable sequence (§;). In view of the
definition of the lower order there exists a sequence (&;) such that

1

a(&;) > T 1/

9(&;) + J;

in particular 5(5]-) > j. Indeed, type(g : g) = order(g : a) = order(g : f) = 1/\. So
the expression a1(§;)/g(&;) is at least

a) 1 g 1
9(&) T A+1/59(&)  A+1/5

Thus limsup J5 k(&) = /A as claimed; we have a(§;) > 5(53-) — 4oo0. If A > 0 we

also have g(&;) — +oo, for type(g :g) = 1/X < +o0. In this case the limit superior
is the same as that in Theorem 9.6.

10. Inequalities for the infimal convolution

The type of a function is often a finer measure of its growth than the order. For this
reason we are obliged to study more carefully infimal convolutions of the form p O K
which appear in Theorem 6.1. This is the aim of the present section and the next.
Throughout this section E denotes a real vector space and E’ is an arbitrary
subspace of its algebraic dual. The Fenchel transform f is defined on E’ by (4.1).

Lemma 10.1. Let f,g:E — [—00,+00]| be two functions, and assume that f is
convexr. Then

(10.1) fOg(@) = f(z) —g()

for every x € E such that f(z) is finite and every & € E' which is a subgradient of f
at the point x. In particular, if for every point x there is exactly one subgradient of
f in E', we may denote it by f'(z) and write

(10.2) fOg>f—golf on E.

Ezample. The lemma gives

(%xG) O (lac4) > %:cG — §x20/3, r € R,

and, by interchanging f and g,

(%xG) O (ixﬁ‘) > ix‘i — %xls/S, z € R.

The first formula gives a good approximation for small z, the second for large x. To
illustrate this we plug in y = 2%/° in the definition of the infimal convolution, which
gives a bound from above:

(%xG) 0 (%x‘l) < ix‘l _ %x18/5 i %xw/s /5y ix12/5’ r cR.
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Proof of Lemma 10.1. If A(z) = £ - x + ¢ is an affine function, the convolution with
an arbitrary function g is
AOg=A+C,

where C'is the constant C = —g(&). This will give us an inequality for the convolution
with a convex function f. Let £ be a subgradient of f at a point a with —co < f(a) <
400, i.e., assume that

fy) 2 fla)+&-(y—a)=Ay), yek.

Then the convolution f O g can be estimated as follows
f O g(@) = nf (f(y) + 9(z —y)) > nf (Aly) + g(& — y)) = Az) = §(©)-
We have A(a) = f(a) so that for z = a,

fOgla) = fla) —g(8).

When considering the relative type of an entire function we are led to studying
the relative type of one infimal convolution f; O fo with respect to another. Therefore
we give below a few results showing that sometimes the type does not change when
we convolve with a fixed function.

Lemma 10.2. Let f;, g; be four functions of which the g; are bounded below, j =1, 2.
Then

(10.3) type(f1 0 f2: 91 0 g2) < max type(f; : g;)-

If h is bounded below and type(f : g) = o, then

type(f O (ch):gOh) < o.

Proof. For every b > type(f; : gj), j = 1,2, there is a constant ¢ such that f;(x) <
bg;(xz) + c. Then

fi(y)+ fa(z —y) < b(g1(y) + g2(z — y)) + 2,

and when we take the infimum over all y we get

f1 0 fa(z) < b(g1 O g2) () + 2¢;

hence type(fi O fa: g1 O g2) < b. Now b can be taken arbitrarily close to
max(type(f; : g;)).

If g and A are bounded below, the last part of the lemma is a special case of
what we have just proved, since type(ch : h) < 0. However, on inspecting the proof
we see that we need not assume g is bounded below, since now oh < bh + C' for all
b > o, not just for b > o.
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Lemma 10.3. Let f;, g; be four functions of which fo is bounded below and not

identically +o00. Assume that fl = f1, 51 = g1, and domfl - domfg. Then

(10.4) type(f1 O f2 : g1 O g2) > min <type(f1 L g1), m) :

If f= f, g :E and h are three functions with h bounded below but unbounded above
and not equal to +oo identically, o = type(f : g), and

dom f C dom(ch)™ = o dom h,

then
type(f O (ch) : g O h) > 0.

Definition 10.4. We shall call the number 1/type(g : f) the lower type of f
relative to g.

Proof of Lemma 10.3. If

1

type(fiO fe:g10¢2) > ———
( ) type(gz : f2)

we have finished. So consider the case when both types are finite and

type(f1 O f2 1 g1 O g2) - type(gaz : f2) < 1.
Then there exist numbers b such that
type(fi O f2:91 0g2) <b and type(gs : f2) < 1/b.
We claim that for some such b there is a constant ¢ such that
fiOfa<blgraOg2)+c and g2 < %fQ—I—C.
In fact, since f> is bounded below, the second inequality holds for all numbers b <

1/ type(gs : f2), so that b can be chosen arbitrarily close to type(f1 O fa: g1 O g2).
On taking the Fenchel transformation we get

(10.5) FE) + F2(6) = b(Gu(£/0) + Ga(£/D)) — ¢
and
(10.6) bg2(£/b) = fa(€) — be.

We conclude from (10.5) and (10.6) that

(10.7) F1(€) = bg1(€/b) — ¢ — be.
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Indeed, if ]71(5) = +o0 or g1(£/b) = —oo there is nothing to prove, and if not, fg(f)
and hence g5(£/b) are finite by hypothesis, and (10.7) follows on adding (10.5) and
(10.6). Taking the transform of (10.7) we see that f1 < bg; + ¢ + be. Now let b tend

to type(fi1 O fa: g1 O g2). It follows that type(fi : ¢1) < type(fi1 O f2: g1 O g2).

In the last part of the lemma we have f; = f, fo = oh, g1 = g and go = h.
So fo is bounded below, and the condition dom f; C dom f, is satisfied. Finally
type(gz : f2) = type(h : ch) = 1/0 if h is unbounded above and not identically +oc.

Ezxample. To illustrate the role of the hypothesis dom fl C dom ]72 in Lemma 10.3 we
shall consider positively homogeneous functions. Given a subset A of R" we define
its supporting function as

Ha() =sup&-z, EeRM
TEA

This is just the Fenchel transform of the indicator function i4 of A. Moreover
(HyOHp) =Ha+ Hg =ia+ip=iang,

if A and B are closed convex sets, so (Hy O Hg)™ = Hanp. If in addition one of A
and B is bounded, then H4 O Hp is Lipschitz continuous, so that

HyaOHp=(HsOHg) = Hanp.

Now let two compact convex subsets A; and A5 be given such that 0 € A; N As and
A7 is not contained in A5. We assume that there exists a number s < 1 such that
A1 N Ay C sAs (Ay can for instance be half a ball of sufficiently large radius). We
now define fi = Ha,, fo = Ha,, g1 = go = sH4,. Then

fl O f2 - HAlﬂAg < HSA2 :gl O 927

so that type(fi O f2 : g1 0 g2) < 1. On the other hand, type(fi : g1) = type(Ha, :
sHa,) > 1 since Ay ¢ sAs, and type(ge : f2) = type(sHa, : Ha,) = s < 1. This
shows that (10.4) cannot hold in this case; we have domfj = Aj, so the hypothesis
domfl C domfz is violated.

Proposition 10.5. Let f; and g; be four functions, all bounded below and not iden-

tically +o00, satisfying fvj = f, Ej = gj, and domﬁ = dom fg, dom g; = dom gs.
Consider the four numbers lower type(f; : g;), type(f; : g;), and denote them in
increasing order by a1 < as < ag < ay. Then

as < type(fi O fo: 91 0¢2) < au,

a1 < lower type(fi O fa: g1 0 g2) < 3.

If for instance type(f1 : g1) = type(fa : g2) = lower type(fa : g2), then type(f; O fa :
g1 O g2) is determined.
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Proof. This is just a combination of (10.3) and (10.4), obtained by interchanging the
roles of f; and g;.

Ezample. Let aji,b;, be positive numbers, j,k = 1,2, and define fj(z) = z}/a;1 +
r3/a;o and g;j(x) = x1/bj1 + 23 /bj2 for € R?. Then

2 2
I I3

1 0 folz) = )

/ J ( ) ail] + ag Q12 + @22
2 2
Ty T

g1 Ogalz) = + .

() bi1 +b21 b1z + bao

The types and lower types are, for j =1, 2,
oj = type(f; : g;) = max(bu/ajx), 75 = lower type(f; : g;) = min(bjr/a;x),

b1k + bay )

o3 = type O : O = max
3 =type(f1 O f2: 91 O g2) 2 (a1k+a2k

b b
73 = lower type(f1 O f2 : g1 O g2) = min Ok Dok .
ko \ a1k + agg

By varying the eight numbers a,i, bji we can see that the inequalities in Proposition
10.5 cannot be improved. In fact, let o; be given and put a;; = a;, bjr = 0;a;. Then
bik +bok \ 0101 + 0202
<a1k+a2k> - a1 + as
so that o3 can be any number in the segment
lor,02[ ={(1 = X)o1 + Ao2; 0 < A < 1}
Next let o; and 7; < o be given and define by = o1a11, bi2 = T1a12, ba1 = ™ao,
bos = 09as2. Then
01011 + Tal21 T1012 + 02G22)
a1 +az  aig 4 ag
showing that o3 can be the largest of two numbers, one arbitrarily chosen in the

segment |oq, 73], and the other in the segment |71, 05[. This proves that o3 can be
any number in Jag, ay[. Similar examples can be constructed in one variable.

03 = Imax 2(1—)\)01+)\02,

k

= max ((1 —A)o1 + Ao, (1 — p)my +,lLO'2),

o3 = max(

11. Inequalities for the infimal convolution, one variable

In this section we shall investigate more closely the type of an infimal convolution
f O h with respect to f in the one-dimensional case. We shall assume generally that
f and h are defined on the real axis and that h > 0, h(t) = +o0o0 when t > 0; in other
words, that h > ig_. Then, if f is increasing, we will always have f O h > f so that

(11.1) type(fOh:f)>1 and type(f:fOh)<1.
In fact,

f O h(t) =inf(f(t = s)+ h(s)) = inf(f(t - 5) + ir_(s)) = Inf f(t —s5) = f(t).

It turns out that equality in the second of the inequalities (11.1) holds under a
condition on h which is satisfied by the function K of (6.4), but that equality in the
first holds only under a special assumption on f. Let us therefore look at the second
case first.
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Theorem 11.1. Let h: R — [0, +00] be conver and increasing and satisfy h(t) —
+oo ast <0,t— 0. If Y h™1(c¢?) > —co for some ¢ > 1, then type(f : fOh) =1
for every real-valued increasing function f which is unbounded above.

Proof. We have already remarked that type(f : f O h) < 1. Suppose that type(f :
fOh) <1/c< 1. Then there is some b < 1/¢ such that f(t) < bf(t+s)+h(—s)+C
for all ¢ and all positive s. Repeating this we obtain

k
F@&) SO fE+s1 4+ sk)+ > V7 (h(=s;) +O).

Now choose s; such that h(—s;) = ¢/71, i.e.,, —s; = h=!(¢/1), which implies that
s=3.158=—> h (') < 400. Therefore

FO)<VEfE+s)+ Y (be)™H+ Y VIO =bFf(t+s5) + A
1 1

Now let &k — +oo. If f is real valued we see that f(t) < A, i.e., f is bounded
above. If f is both unbounded above and real valued we therefore must have type(f :
fOh) > 1/c. Now if the hypothesis is satisfied for some ¢ > 1, it is also satisfied for

J/¢. Repeating this we see that the type is at least ¢=2 " — 1.

It is easily seen that the function K defined by (6.4) satisfies the condition in
the theorem, for K(—s) ~ —logs when s > 0 is small, yielding a convergent series
with terms K ~!(c¢/) ~ — exp(—c?).

Corollary 11.2. With f and h as in the theorem and g an arbitrary function on R

we have

lower type(f : g) < lower type(f O h:g) < type(f :g) < type(f O h:g),
lower type(g : f O h) < lower type(g : f) < type(g : f O h) < type(g : f).
Proof. We only have to observe that

1 =type(f: fOh)<type(f:g)- type(g: fOh).

We now turn to the question of equality in the first inequality of (11.1). This is
somewhat more complicated. We first introduce a definition:

Definition 11.3. Let f,h: R — [—o00, +0o0] be two functions. Assume that both are
increasing and that h > 0, h(t) = 400 for t > 0. We shall say that f is h-regular

for type if type(f O h: f)=1.
Lemma 11.4. Let f and h be two functions as in Definition 11.5. Assume that

f: f and h = h. Then the following three conditions are equivalent.
(A) f is h-regular for type.
(B) f is Mh-regular for type for every number M > 0.
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(C) For every a > 1 there exists a constant Cy such that f(at)/a > f(7)—h(T)—C,.
If in addition f is real valued on some interval |—oo, s[ with s < +o00, and f'(t) — +o0

ast < s, t — s, then these conditions are also equivalent to the following (we let f’
denote a one-sided derivative of f):

(D) B(f'(£)/f(t) =0 ast —s.

We note here that for h = K, condition (C) takes the form
(C') For every a > 1 there is a constant C,, such that

flar)/a > f(r) +logT —Co, 721

This is because —K (7) is comparable to log 7 by (6.5).
Proof. (A) implies (B). We note first that we always have 2h < h O h. Therefore

fORL<fOMROR=(fOR)OA<(af+C,)OhM

<a(fOh)+C,<alaf +Cy)+Cy=a*f+aC, +Cy =bf + Cj.

Here a can come arbitrarily close to 1, so the same is true of b = a?. Thus f is
2h-regular for type. It is now obvious how to go on.

(B) implies (C). This follows easily on transforming f O (ah) < af + C,,.

(C) implies (A). This also follows on taking the transformation.

(A) implies (D). Inequality (10.2) says that

fOh>f—hof.
We just combine this with (A): fOh < af + Cy:
0< —h(f'(t) < (a—1)f + Ca.

We must have f(t) — +oo as t — s, and we obtain limsup(—h(f')/f) < a—1, a
number arbitrarily close to zero. _
(D) implies (C). We estimate the convex function f as follows (note that now

f(7) is real valued for large 7):

= flar) = Fr) > = (F) + (ar =) F () = Fir) = (1= 2 )(~F ) + 77 ().

The last expression is (1 —1/a) f(t) if we choose the right ¢. And (D) means that for
7 large enough, this majorises —h(f’(t)) = —h(7). Thus (C) holds.

Theorem 11.5. If f,g:R — [—o00,+00]| are two increasing functions and one of
them is h-reqular for type, then

type(f O h:g) = type(f : g).

Proof. We always have type(f O h : g) > type(f : g), so if f is h-regular it follows
that

type(f :g) <type(f Oh:g) <type(fOh: f)-type(f:g)<type(f:g),
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which implies equality.
If g is h-regular we use Lemma 10.2:

type(f Oh:g0O (h/o)) < o =type(f:g),

type(f O h:g) <type(fOh:gO(h/o))- type(g O (h/o):g) <o

Theorem 11.6. If f,g:R — [—00,+00] are two increasing functions with f =f
and g = g, and one of them is h-reqular for type, then

type(f:g O h) =type(f:g).

Proof. We always have type(f : ¢ O h) < type(f : g), so if g is h-regular we have
finished:

type(f :g) <type(f:gOh)-type(g Oh:g)<type(f:gOh)<type(f:g).

If f is h-regular we shall use Lemma 10.3: type(f O (ch) : g Oh) > 0. So it
follows that

type(f : g) = o <type(f O (ch):gOh)
< type(f O (oh): f)-type(f:gOh)) <type(f:gOh).

Corollary 11.7. If f or g is h-regular for type, and f: f, 5: g, then

type(f O (ah) : g O (bh)) = type(f O (ah) : g) = type(f : g O (bh)) = type(f : g)

for all positive numbers a and b.

To give an idea about the condition of h-regularity we shall now show how to construct
functions which do or do not have this property.

It is easy to construct functions that are not h-regular. They can be of arbitrarily
slow growth, faster than linear growth, and also of arbitrarily fast growth.

Proposition 11.8. Given a positive increasing function h which is plus infinity on

the positive axis and satisfies h = h, and given a function g:R — R which grows
faster than any linear function, there exists a function f:R — R with f(tx) = g(tx)
at a sequence which tends to infinity, and which is not h-regular for type.

Proof. We shall define the function f by putting it equal to g(tx) at the points ¢
and taking it affine in between. The sequence ¢ is defined recursively by taking first
to = 0 and then, if ¢; is defined, by taking ¢x41 so large that

k+1 — Uk

satisfies —h(73,) = f(tx). Thus limsup(—h(f’(¢))/f(t)) > 1, so that f violates condi-
tion (D) of Lemma 11.4.

Depending on a given function h, it is sometimes, but not always, possible to
construct h-regular functions which grow arbitrarily fast.
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Lemma 11.9. If ¢ is h-reqular for type and g > 0, then f = g O ¢ is h-reqular for
type.

Proof. The regularity condition we are studying is stable under infimal convolution:
if we have one function ¢ which satisfies ¢ O h < ap + C,, then every function
f =90 with g > 0 does the same:

fOh=(gO0p)Oh=g0(p0h)<gO(ap+C,) <algOp)+Cy =af+ C.

(This calculation should be compared with the proof that if ¢ is a smooth function,
then the usual convolution f = g * ¢ is smooth.)

Proposition 11.10. Assume h satisfies h=h and

i
(11.2) MdT < +o00.

1 T2
Then there exist functions f which are h-reqular for type, and which grow faster
than any given function. But if this condition is not satisfied, the h-regular functions
grow at most like the solutions to the differential equation —h(¢') = ¢, which are

real-valued on all of R.

Proof. 1t is well known that the solutions of an autonomous differential equation
H(f") = f with H > 0 blow up after a finite time if

(11.3) /100 H(7)/m%dr < +00.

Translating one such solution ¢ we may assume that it is finite for 7 < 0 and = 400
for 7 > 0. Now if the condition (11.2) is satisfied, there exists a smooth strictly
increasing function H such that (11.3) holds and —h(r) = o(H (7)) as 7 — 400. So
the solution ¢ to H(¢') = ¢ satisfies condition (D) of Lemma 11.4. Now let g > 0
be any given function and define f = g O (p™1). Since ¢ > 0 and ¢ = +00 on the
positive half-axis we have f > g, and Lemma 11.9 shows that f is h-regular for type.

On the other hand it is known that the solutions of the differential equation
H(y') = ¢ are defined over the whole axis if

/1 T H(r) P = 4o

Any function f which satisfies —h(f’ ) < f has a majorant which is a translate of a
fixed solution to —h(¢') = ¢. Therefore it cannot grow arbitrarily fast if (11.2) is
violated.

It should be noted here that h = K satisfies condition (11.2). It is indeed easy
to find directly a function ¢ which is infinite on the positive half-axis and K-regular
for type. We just put p(t) = —1/t for t < 0, ¢(t) = 400 for t > 0. Then its Fenchel
transform is ¢(7) = —24/7 for 7 > 0 and ¢(7) = +o0o for 7 < 0. So

Ja
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which means that ¢ satisfies condition (C’) above. As a consequence, there exist
functions which are K-regular for type and grow arbitrarily fast, viz. f = ¢ O ¢ (see
Lemma 11.9).

12. The type of an entire function

We shall see that knowledge of the function p defined by the series expansion of an
entire function F' (see (6.2)) is in general not enough to determine the type. In the
positive direction we can prove:

Theorem 12.1. Let F be a nonconstant entire function on C" and let f be its
growth function defined by (6.1), and p its coefficient function defined by (6.2). Then

(12.1) type(p: f) =1 and type(f:p)=>1.

If in addition we assume that f or p is K-regular for type, where K is the function

defined by (6.4), then

(12.2) type(p: f) =1 and type(f:p)=1.

Proof. Cauchy’s inequalities p < f immediately give type(p : f) < type(f : f) <1
and type(f : p) = type(f : f). When f is nonconstant, type(f : f) = 1. Now
Theorem 11.1 says that type(p : p O K) = 1, and this together with the inequality
f <p0OK (Theorem 6.1) yields type(p: f) > type(p: pO K) = 1.

In the K-regular case we use that type(f : p) is equal to type(f : pOK) < 1
(Theorems 11.6 and 6.1). Hence

L = type(f : f) < type(f:p)-type(p: f) <type(p: f) <1

which implies equality. (Note that here we do not need to use Theorem 11.1.)

Corollary 12.2. Let F,G be two entire functions defined in C™, let f, g be their
growth functions, and p and q their coefficient functions defined by the series expan-
sions (see (6.2)). Assume that one of f, p, g, q is K-reqular for type. Then

type(F : G) = type(f : g) = type(p : q).

Proof. We have
p<[f<pOK<L[fOK,
and similarly

(Sg<qUK<gOK.

So everything follows from Corollary 11.7 (in the non-constant case).
The regularity condition of Theorem 12.1 is not always satisfied. We can con-
struct functions such that type(f : p) > 1.

Ezample. Consider an entire function F(z) = Y a;2/ with a; > 0 and such that
p(j) = —loga; is a convex increasing function of j. We assume that p is affine on
intervals [ng,ng+1]. Then it is easy to see that if these intervals are large enough,
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type(f : p) can be arbitrarily large, even equal to +00. Let the slope of the coefficient
function on the interval [ng,nk4+1] be tg, i.e.,

p(ni41) — p(ng)

tr = .
Ng4+1 — Nk
Then p(ty) = jtx, +loga; for j = ng,...,ngp1. For z = e'* we get
Nkt1
F(Z) = Z ajejt’“ = (nk+1 —ng + 1)€p(tk),
Jj=ng

since the terms a;z’ are all non-negative when z > 0. This means that

f(tr) = log(nntk —nk +1) +p(tr) > op(tr)

for any given positive number ¢ if we only choose nyy; large enough, t; and ny
being already chosen. Therefore type(f : p) > 0. We can of course also obtain
f(tr) = kp(tr) so that type(f : p) = +o00. It is clear that this construction works
both for slowly growing and fast growing functions.

Ezample. Let F' be the function of the last example, and let G be the lacunary
function G(z) = ) ay, 2™*; i.e., we retain only the corners on the graph of p. Let
g be its growth function and ¢ its coefficient function. Then, since p is affine on the
intervals [ng,ng11], D = q, so type(p : ¢) = 1. Now for |z| = €', t;_1 <t < tg, we can
estimate G as follows.

k—1 oo
G < ane™ 4D an,e™' 4 an,e™
0 k+1
ap,_, €™ q,,  emk+it 1 1

DR S S e e S ga”kenkt(HuA’Ll—u)’

A and pu being the ratios of the geometric series whose first two terms agree with that
of the respective series; more explicitly we use the simple inequality

< M= _0 _ 0
EO:CJ\EO:CO 1-X 1—c1/co’

which holds when —logc; is convex in j. Now

A =exp(—(nk—1 — np—2)(t — tp—2)) < exp(—(ng—1 — nk—2)(tk—1 — tk—2))
and
= exp(—(ni+2 = nit1) (trp1 — 1)) < exp(—(np+2 — npg1) (Te1 — i)
We can choose n; and t; such that
(ng —ng—1)(tg —tpg—1) =2e>0 and (ngr1 —ng)(ty —tpg—1) =€ >0.
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For example, if the nj are already chosen as in the previous example, then we can
choose ty, or, if we fix the sequence (t) with tx > t;_1, then we can choose the ny.
There is a great freedom in the construction. We now see, writing C = (1 —e™)71,
that

1G(2)] < (2C + Day, ™t = (20 + 1)),

so that
g(t) < t) +log(2C +1).

Thus type(g : ¢) < 1. We see finally that the Fenchel transforms of the coefficient
functions of the two entire functions F' and G are the same: p = ¢, but type(F :
G) = type(f : g) = type(f : p) can be arbitrarily large. In particular type(F : G)
cannot be calculated from p, q.

This example is in contrast with the classical type which can be determined from
p: it is (for order 1)

o = limsup f(t)e™" = limsup p(t)e ".

t—+o0 t——+o0

This follows from Corollary 12.2 because the exponential function is K-regular for
type as can easily be shown using, e.g., condition (D) of Lemma 11.4. This fact
already shows that the type can be determined from p in all dimensions, but of
course the classical formula

type(f : exp) = limsup
ep

is more explicit: it does not necessitate calculation of the transform p.
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