TAIWANESE JOURNAL OF MATHEMATICS
Vol. 12, No. 6, pp. 1335-1345, September 2008
This paper is available online at http://www.tjm.nsysu.edu.tw/

A VERSION OF HILBERT’S 13tH PROBLEM FOR ENTIRE FUNCTIONS

Shigeo Akashi
Dedicated to Professor Wataru Takahashi on the occasion of his 65th birthday

Abstract. It is famous that Hilbert proved that, for any positive integer n, there
exists an entire function f,(-,-,-) of three complex variables which cannot
be represented as any n-time nested superposition constructed from several
entire fuctions of two complex variables. In this paper, a finer classification
of the 13th problem formulated by Hilbert is given. This classification is
applied to the theorem showing that there exists an entire function f(-,-,-)
of three complex variables which cannot be represented as any finite-time
nested superposition constructed from several entire functions of two complex
variables. The original result proved by Hilbert can be derived from this
theorem.

1. CLASSIFICATION OF HILBERT’S 13TH PROBLEM

Let C (resp. R) be the set of all complex numbers (resp. real numbers) and let
f(-,-,-) be the function of three variable defined as

f(z,y,2) = 2y +yz+ 2z, z,y,z€C.

Then, we can easily prove that there do not exist any three entire functions of two
variables g(-, -), u(+,-) and v(-, -) satisfying the following equality:

f(x,y,z):g(u(x,y),v(x,z)), fL‘,y,ZG(C.

This result shows us that f cannot be represented any one-time nested superposi-
tion constructed from several entire functions of two variables. But the following
equality:

flzyy,z2)=2(y+2) +yz, =z,y,z€C.
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shows that f can be represented as a two-time nested superposition constructed from
addition and multiplication.

In 1957, Kolmogorov and Arnold solved Hilbert’s 13th problem asking if all con-
tinuous functions of several real variables can be represented as appropriate super-
positions constructed from several continuous functions of fewer real variables. If
their original result is applied to the set of all contiuous functions of three real
variables, for any continuous function f of three real variables, we can choose a
family of seven continuous functions of one real variable {ng ;0 < i < 6} which
is dependent on f, and a family of twenty one continuous functions of one real
variable {¢;;;0 < i < 6,1 < j <3} which is independent of f, satisfying

f(x1, 22, 23) = Zgz ZG% (zj) |, x1,22,73 €R.

7=1

This result, which is called Kolmogorov-Arnold representation theorem [3], immedi-
ately implies that any continuous function of three real variables can be represented
as a 7-time nested superposition of continuous functions of two real variables, be-
cause the following equality holds:

fla1, 22, 23) = (((((9 ((¢01(21) + do2(22)) + ¢o3(23))
+{ ((611(21) + d12(22)) + P13(23) ))
+93 ((¢21(21) + ¢22(22)) + b23(23) ))
+9] ((¢31(21) + P3a(22)) + ¢33(23))>
+9] ((ha1(21) + aa(22)) + ¢43(23))>
+L ((951(21) + ds2(22)) + ¢53(23))>
+g8 (961 (21) + de2(22)) + des(23)), 1,22, 23 € R.

Let A3 (resp. A2) be a set of functions of three variables (resp. two variables)
such as the set of all continuous functions of three variables (resp. two variables)
or the set of all analytic functions of three variables (resp. two variables). Then,
the superposition representation proposition can be classified into the following two
propositions:

Proposition 1. There exists a certain positive integer k such that, for any
element f of As, f can be represented as a certain k-time nested superposition
constructed from several elements of As.
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Proposition II. For any function f of As, there exists a positive integer k f
such that f can be represented as a k -time nested superposition constructed from
several elements of As.

Here, Proposition I is called the strong superposition representation proposition
and Proposition II is called the weak superposition representation proposition. It is
clear that Proposition II holds necessarily if Proposition I holds. By the same way
as above, the superposition irrepresentation propositions can be classified into the
following two propositions:

Proposition III. There exists a certain element f of As which cannot be rep-
resented as any finite-time nested superposition constructed from several elements

Of AQ.

Proposition IV. For any positive integer k, there exists an element f, of As
which cannot be represented as any k-time nested superposition constructed from
several elements of As.

Here, Proposition III is called the strong superposition irrepresentation proposi-
tion and Proposition IV is called the weak superposition irrepresentation proposi-
tion. It is clear that Proposition IV holds necessarily if Proposition III holds. Since
Proposition IV is the negative proposition of Proposition I and Proposition III is the
negative proposition of Proposition II, only one of the following three cases, namely,
the case that Proposition I holds, the case that both Proposition II and Proposition
IV hold and the case that Proposition III holds, can be proved exclusively. In other
words, if one of these three cases can be proved affirmatively, then the other two
cases can be proved negatively.

Remark 1. If we take the set of all continuous functions of three real variables
(resp. two real variables) as an example of A3 (resp. .Az), then Kolmogorov-Arnold
theorem assures that only Proposition I holds. If we take the set of all polynomials
of three complex variables (resp. two complex variables) as an example of Az (resp.
Ag), then both Proposition II and Proposition IV holds. If we take the set of all
finite-time continuously differentiable functions of three real variables (resp. two
real variables) as an example of A3z (resp. .A), then Vituskin theorem [6] assures
that only Proposition IV holds.

2. ¢-ENTROPY OF ANALYTIC FUNCTION SPACES

Let N be the set of all positive integers. Let U be the closed unit disc of C
and, for any positive number s that is greater than or equal to one. Then, sU is
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defined as {sz; z € U}. For any positive integer n, &, denotes the set of all entire
functions of n variables and || - ||,, s denotes the norm defined as

Hf‘(sU)"”n,S = sup ‘f(zlv 7271)‘7 [ €&

21, ,2n€8U

Especially, for any positive number M, &,(s, M) denotes the subset of &, defined
as

En(s, M) = {f € &En; Hf‘(sU)"”n,s < M} .
Moreover, d, (-, -) denotes the metric on &,, defined as

e}

_ Hf_an,k
W09 = L gl PO

Then, it is easy to prove that the metric space (&, d,) is complete and that &, (s, M)
is a nonempty closed subset of &,, and moreover, it is also proved that the topology
derived from this metric is exactly equal to the compact open topology over &,.

Let X be a metric space. Then, for any positive number ¢ and for any relatively
compact subset F of X, the e-entropy of F, which is denoted by S(F, ¢), is defined
as the base-2 logarithm of the minimum of the cardinal numbers corresponding to
all e-nets of F, and the e-capacity of F, which is denoted by C(F,¢), is defined
as the base-2 logarithm of the maximum of the cardinal numbers corresponding to
all 2e-separated sets of F.

For any positive integer n and for any positive number s that is greater than 1, let
A, (s) be the set of all complex valued functions of n variables which are continuous
on (sU)" and analytic on the interior of (sU)". It is known that (A, (s), || - ||n.s)
is a Banach space [5]. Then, K. I. Babenko [1] and V. D. Erohin [2] had proved
that, for any positive number M, the following equality:

Sl f € Ax(s); [ flu2llzn < M3, €) 2

lim =
e—0 (log %)3 3!(log s)2

holds. After the above equality had been proved, A. G. Vitushkin [6] gave the
following generalization:

i SUFlons £ € An(s)i [ funllng < M} ©) 2 n>2.

e—0 (log 1)n+1 (n+1)!(logs)™’ -

€

Here we have the following:

Lemma 1. For any positive integer n that is greater than one and for any two
positive numbers r and s, if the inequalities 1 < r < s hold, then the following
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equalities:

. ({f\(m i f € Enls, M)}”'”"”,e) . S ({flrwryns f € Enls, M)}, €)
e—0 (log )n—l—l TS0 (log )n+1
2

(n+1)!(log &)™

holds.

Proof.  Without loss of generality, we can assume that  is equal to 1. Since
the following inclusion:

{flon; | € &nls, M)} C{flom: | € Anls), I flumllny < M}

and Babenko-Erohin-Vituskin theorem shows that the following inequality holds:

S (o T € &nls, 3D} 1) ,
" = (n+1)l(logs)"

€

lim
e—0 (log

Therefore, we have only to prove the reverse inequality. Let N (e) be the positive
integer defined as

v = et 1],

where [-] means Gaussian symbol. Moreover, let D(e€) be the subset of Z} defined

as
D(e) = {(kh... Jkn) € Z0;) ki < gg}
=1

Let ¢ be a mapping defined on D(e) with values in C satisfying

cz.. ‘Re(qﬁ(kl,---,kn))‘<[ M/ 2 ﬁ( > 1

2¢ 2ntle T (ki+1)2 o

e, [ ']

where (ki, -, k) is an element of D(e), and let ®(¢) be the set of all mappings
satisfying the above conditions. For any ¢ € ®(e), gs(-) denotes the polynomial of
n complex variables which is defined as

R6(¢(k1, e ak’n))
2e

9¢(217"'7Zn): Z ¢(k177kn)szklv Zl,"',Zne(C.

(K1, kn)€D(e) i=1
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If (21, -+, z,) € sU holds, then we have
‘g¢(21772n)‘ S Z ‘¢(k177kn)‘Hskl
(1, kn)€D(e) i=1
M

< Z o
(k1. k Hz l(k +1)

< —

= ( ; )

< M.

Therefore, g4 is an element of En(s, M). Let ¢1 and ¢ be two elements belonging
to ®(€). Then, there exists an element (ky, - - - , k) € D(e) satisfying

‘(bl(klv T 7kn) - ¢2(k17 T 7kn)‘ Z 2e.
This inequality implies that
1961 [un = ggslunlna = 2¢

holds, and {gg|uyn; ¢ € ®(€)} is a 2e-separated set of { f|yn»; f € E,(s, M)}. Let
A(e) be the subset of R} defined as

n

_ n. N9
Ae) = {(xl,---,xn) ERE;Y @i < 1ogs}'

=1

If (k1,- -+, ky) is an element belonging to D(e), then, for any sufficiently small e,
we obtain the following inequalities:

[Tt < (1) Mo

=1

card(D(e)) > // dx;

Ale)

_ Nt

n!(log s)m

and
ol
Z log <H3k2> = — Z logsZk
(1, kn)€D(e) =1 ,kn)€D(e)

| \/

/ / logsz x; +1)dzy - - - daxy,
(5)
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—nN
~ (n+ D1

)n—l—l

s)"

'((% +O(N(e)").

Therefore, a lower bound of C({f|yn; f € En(s, M)}, €) can be estimated as
follows:

C({flon; f € Enls, M)}, €)
> logcard(®(e))

\/§M n 1 2
n+1 n ] b) %
(k1,7 ,kn)ED(€) 2 6l_lz:l (ki +1) il
2N(6)” 1 2nN(e)”+1 1\" )
nl(logs)” "€ O (log=) loglog=).
— nl(logs)" o8 (n+1)!(log s)” + 08 oglog

These results imply that the following inequality:

Ol feEs I 2
e—0 (log 1 )”+1 ~ (n+1)!(logs)™

holds, and therefore, we can conclude the proof. [ |

2. A REVISED VERSION OF THE PROOF PRESENTED BY HILBERT

For any two positive numbers s and L that are greater than one, &(s, L) de-
notes the intersection of &(s, L) and E3(1,1). Let N.(E5(s, L)) be a subset of
EL(s, L) satisfying the condition that {f|;2; f € N(E4(s, L))} is an e-net of
{flu2; f € E5(s,L)}. For any positive integer n, Z,(E5(s, L)) denotes the set
of all entire functions of three variables which can be represented as n-time nested
superposition representations of elements of £(s, L). Especially, Zy(E5(s, L)) is
defined as &}(s, L). Z,(Nc(E5(s, L))) can be defined by the same way as stated
above. Then, we can prove the following:

Lemma 2. For any fixed positive integer n, there exists a positive constant ¢ ,,
which is independent of €, satisfying the condition that { f| ;73; f € Tn(Ne(E5(s, L))}

is a cpe-net of {f|ys; f € Ln(E)(s, L))}|\~II3,1.

Proof. We prove this lemma inductively. It is easy to prove the case of n = 0,
because {f|i2; f € E4(s, L)} is a relatively compact subset of (Az(1), ]| - |[2,1)-
Assume that {f|;s; f € Z,(N(E5(s,L)))} is a cpe-net and let g be an element
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of {flys; f € Zn(E)(s, L))})'ng’l. Then, there exist three functions f € £i(s, L),
u € In(E5(s, L)) and v € Z,,(E5(s, L)) satisfying

Hg - f(uvv)‘U3H3,1 < €.

Moreover, there exist three functions f € N (E4(s, L)), v’ € Z,,(Nc(E5(s, L))) and
v € Tn(N(E5(s, L))) satisfying

1flvz = flozll2n < e
[ulgs — 'lysllsn < ene,
[v]gs = V'lpsllsn < ene.
Therefore, we have
lg = '/, ) wsllsn < Nlg = fu,v)lwsllsa + 1f (w, 0)ls = £/, ) sl
< llg = flu,v)|usllsa + 1 (ws 0)|ps = f(u',0)[psllsa
Hf W v) s = f(u,0)uslls
Hf W ) s = f1(u,0)slls 0
- <2€nL N 2) .
s—1

because the following inequalities:

sup{ ﬁ(21,22) i (21, 22) € U2} < L

07 s—1
and 5 r
sup{ 8—52(21,22) i (21, 22) € U2} < |
hold. Therefore, {f|y3; f € Zni1(Ne(E5(s, L)) }isa ((2¢,L)/(s — 1) + 2)e-net
of {flyi f € Zu(&(s, LN} 1. .

Let Z,,(€2(1,1)) be the set of all entire functions of three variables that are
represented as n-time nested superpositions of elements of £2(1,1). Then, we can
prove the following:

Theorem 3. There exists an element of E3(1, 1) which does not belong to
{mfimeN, fe U 7T,(E(1,1))}
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Proof. Since £3(1,1) is a closed subset of the complete metric space (€3, d3)
and U2 1 Z,,(&2(1,1)) is also a subset of £3(1, 1), Baire’s category theorem assures
that it is sufficient to prove that US® ,7,,(€2(1,1)) is a subset of the first category.
Since we have

1
E(1,1) = UR,E (1 + E,Q)

and
1
T (&(1,1) = UL T, (55 (1 n Eﬂ)) . neN,

we have only to prove that Z,(E5(1 + (1/k),2)) is nowhere dense. Assume that,
for two positive integers n and k, Z,,(E5(1+ (1/k), 2)) is not nowhere dense. Then,
there exists a certain positive number & which satisfies the following inclusion:

d3
1
I, <5§ <1+E72>> D {geé’g;dg(o,g)<(5}+g(s,

where gs is a certain element of £3. Since there exist a sufficiently large posi-
tive number s and a sufficiently small positive number L satisfying the following
inclusion:

{g € &;d3(0,9) <6} D {g € &;llglsvyellss < L},

we have

s ({f\us;fefn (& (1+%,2))d3},e> =5 (gl 9 €5l 1)} €), >0,

It is clear that { f|ys; f € Z,, (€5 (1 + 1/k, 2))d3} is a subset of

{flos; f e, (E5 (1 + 1/E, 2))}"'”3’1. Therefore, Lemma 1 implies that, for any
sufficiently small number «, there exists a certain positive number ¢, satisfying the
following two inequalities:

s ({f\Us;f cT, (6011 %,2))513} ,g>

< 2 + 1 LY O<e<e
~ \ 3!(log s)2 Sene) “

2 1 ! 0<e<
4!(log s)? “J\%e) © S Car

and

S {glus; g € &(s, L)}, €)

A\
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Since these two inequalities contradict each other, Z,, (€, (1 + 1/k, 2)) is nowhere
dense. Therefore, we can conclude the proof. ]

Here, Theorem 3 can lead us to the following:

Theorem 4. There exists an entire function of three variables which cannot be
represented as any finite-time nested superposition constructed from several entire
functions of two variables.

Proof. Let f* be a function which does not belongto {mf;m € N, f € Us° 7,
(&2(1,1))}. Then, it is sufficient to prove that f* cannot be represented as any
finite-time nested superposition constructed from several entire functions of two
variables. For a certain positive integer n, assume that f* can be represented as a
certain n-time nested superposition constructed from several entire functions of two
variables. Then, we have only to prove the fact that there exists a positive integer
M satisfying

* n
% e | Zu(&(1, ).
k=1
It is easy to prove the case of n = 1. If n > 2 holds, mathematical induction assures
that there exists a positive integer M satisfying the inclusion which is stated above.
Since f is assumed to be represented as n-time nested superposition constructed
from several entire functions of two variables, there exist one entire function of two
variables ¢(-,-) and two entire functions of three variables u(-,-,-) and v(,-, ),
which are n — 1-time nested superpositions satisfying the following equality:

f*(x7 y7 z) = g(u(x7 y7 z)?’u(x7y7 z))? x? y?z e (C'

Since the assumption, which is based on the mathematical induction, assures that
there exists a sufficiently large constant L satisfying

“("L"') € Dzk(g2(1,1))

k=1

and

v(-,L-,-) c @ Ti(E(1, 1)),

k=1

Therefore, M can be defined as the following:

M = sup |g(Lz, Lz)|,
Zl,ZQEU
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and we can obtain

g(L <u(.L,.,.)> L <v(.,L.,.)>> ) Ozk(g2(171))'

k=1

Actually, Theorem 3 assures that f*(-, -, -)/M does not belong to U° ;7 (£2(1,1)),
because f does not belong to {mf;m €N, f € Uy Zy(E2(1, 1))} either. There-
fore, we have a contradiction. [ |

Remark 2. By the same way as above, it can be proved that, for any posi-
tive integer n, there exists an element of &,1(1,1) which cannot be represented
as any finite-time nested superposition constructed from several elements of £, (1, 1).
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