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In the present paper, we illustrate the contrast, concerning the effectiveness
properties of the derived sets of simple sets of polynomials, between the single- and
the two-variable cases. Moreover, a positive result is established for the relationship
between the Cannon functions of simple sets of polynomials in two complex
variables and those of the derived sets. Finally, it is- shown that concerning the
effectiveness of the integrated sets, the result of the single-variable case can be
extended, without undue difficulty, to two variables.  © 1986 Academic Press, Inc.

1. NOTATION AND PRELIMINARIES

The derived and integrated sets of a given basic set of polynomials of a
single complex variable have been studied by many authors, of whom we
may mention Makar [1, Theorems I-TV] and Newns [3, Theorems 23.1,
23.27. According to the results obtained by these authors, and noting that
the outstanding restrictions of Makar [1, formulas (13), p.220; (14),
p. 222) apply for simple sets, it can be stated that both the derived and
integrated sets of a given simple set of polynomials retain the effectiveness
properties possessed by the given set. We propose to investigate the extent of
generalisation of the above statement for the two-variable case. The present
work was motivated by the fact, iljustrated here by the example of Sec-
fion 2 below, that, in contrast with the single-variable case, the effectiveness
properties of the derived set of a given simple set of polynomials in two
complex variables may be distinct from those of the given set.

The main results obtained in the present paper are displayed in
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Theorems | and 2 below and to formulate them we must first develop cer-
tain preliminaries and notation.

The reader is assumed to be acquainted with the theory of basic sets of
polynomials in a single complex variable as given by Whittaker [4, 5] and
of polynomials in several complex variables as givenr by [27]. We first give a
detailed account of simple sets of polynomials in two complex variables.
Thus, in the space C” of the two complex variables z and w, the successive
monomials 1, z, w; z2, zw, w?;... are arranged so that the enumeration num-
ber of the monomial z/w* in the above sequence is 3{(j+k)(j+k+1)+k
(j, k > 0). The enumeration number of the last monomial of a polynomial
p(z, w) in two complex variables is calied the degree of the polynomial. A
sequence {p(z; w}§ of polynomials in two complex variables in which the
order of each polynomial is equal to its degree is called a simple set. Such a
set is conveniently denoted {p, .(z;w)}, where the last monomial in
Pmnlz, w) is 27w If further, the coefficient of this last monomial is 1, the
simple set is termed monic. Thus, in the simple monic set {p,, ,(z:w)} the
polynomial p, . (z, w) is represented as follows.

m+n k

PnnlZs w)= Z Z plr:lfj,jszjwj Z;Z=1;PZ§’1n~j,_;:Oa J>n). (L1)

k=0 j=0

The fact that the simple set {p,,,(z, w)} is necessarily basic follows from
the observation that the matrix [ of coefficients of the polynomials of
the set is a lower triangular matrix with non-zero diagonal elements.
(These elements are each equal to 1 for monic sets.} In this matrix the coef-
ficients (p;;f;f”) are lexicographically arranged in rows with respect to the
subscripts {4, /) and in columns with respect to the superscripts {m, n). This
lower triangular matrix has an inverse, also a lower triangular matrix
[ 2571, in terms of which the following representation holds:

m+n k

W= N Y PR b Amw)  (Brn= L, =0.7>n). (12)

k=0 ;=0

To investigate the effectiveness properties of the set {p,, .(z; w)} we first
form the Cannon sum of the set, defined as

O[T =0 S S 1P M ps_ i) (13)

k=0j=0

where

M{p,;;r]=sup|p,{z; w)l (1.4)
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over the closed sphere S, (cf. [2, formula (2.4), p. 441]),

(m + n)(m +n)/2

mn =g (mn>0)

(1.5)
=1 (m, n=0).

The quantity (1.5) will be used often in the subsequent work. Also, the
notation (1.4) will be adopted here for functions regular in the sphere S,.
The effectiveness properties of the set {p,,,.(z; w)} are governed by the
Cannon function of the set, given by

olr]=limsup {w, [r]}V"" " =r. (1.6)
m+n-— o

As a typical effectiveness result, we may mention here Cannon’s theorem
for two variables, in the following form (cf. [2, Theorem 31]).

CANNON’S THEOREM. A necessary and sufficient condition for the simple
set {Pmnlz; W)} to be effective in S, is that

ol[r]=r. (1.7)

By effectiveness of the set in S, we mean that the set forms a base for the
class E of functions regular in S, with a norm given by M[ f;r] for each
fek.

We now define the derived set with respect to z, namely, the derived set of
the simple monic set {p,,(z; w)} to be the set {u,,,(z; w)} given by

0
um,n(za w):~pm+l,n(z; W) (m7 I’l>0) (18)
0z

Since the last term in the polynomial u,,,(z;w) is 8z" " 'w"/oz=
(m+1) z”w" it follows that the derived set {u,, ,(z; w)} is simple (but not
monic).

Needless to say, an identical procedure can be carried out for the treat-
ment of the derived sets with respect to w.

The following notation is introduced. Write

ton =}38:Zii; O<h<smt,,=0,h>n, (1.9)

and put

n

1z)= Y t,n2"

h=0
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Since the set {p,,,(z; w)} is monic then pnti=1 and therefore, the set
{t.(z)} is a simple monic set of polynomials of the single variable z. Sup-
pose that z* admits the representation

"= i Lontlz). (1.10)

Then, as usual, the Cannon sum of the set {z,(z)} will be

()= 3 |Tnl Mt: 1), (L11)

h=

where M(t,; r)=sup|i,(z)|in |z| <r. The Cannon function of the same set
is

J(r)=lim sup {1,(r)}'"" (1.12)

n— o

The first main result of the present work establishes a relationship
between the Cannon functions of the given simple monic set of polynomials
and the derived set. This result, which is formulated in Theorem 1 below,
generalises, to the two-variable case, the main inequality of Makar [1, for-
mula (11), p. 2207, concerning the same items in a single variable. With the
above notation, Theorem 1 can be stated as follows.

TureorEM 1. For any positive number r, the Cannon function 2 [r] of
the derived set {u,,,(z; w)}, of the simple monic set {p,, .(z; w)}, will satisfy
the inequality

QUri<ir{olriir}? (1.13)
and this inequality cannot be improved when the set {p, (z; w)} is effective
in §,.

We then define the integrated set with respect to z, namely, the integrated
set of the given simple (not necessarily monic) set { p,,,(z; w)} to be the set
{0,m(2; W)}, constructed in the following manner.

For m >0, we have

02 w):joz 2o W) dE  (n20), (1.14)

and when m =0, we set

Do (z; W) =w"  (n=0). (1.15)
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Since the last term in v, ,(z, w) is (1/m) pp =17 2"w", m> 0, it follows that
the integrated set {v,,,(z; w)} is a simple set (but not necessarily monic).
Again, an identical treatment can be carried out for the integrated sets with
respect to w.

With the foregoing choice of integrated sets, we see from the following
theorem, which is the second main result of the present paper, that the
effectiveness properties of the integrated set {v,,,(z;w)} are, as in the
single-variable case (cf. Makar [1, Theorem IV]), identical with those of

the given simple set {p,, ,(z; w)}.

THEOREM 2. Let {p,, (z;w)} be a given simple set of polynomials and
suppose that {v,,,(z; w)} is the integrated set defined by (1.14) and (1.15).
Then the Cannon functions of the sets {p,.(z;w)} and {v,..(z;w)},
corresponding to any positive value of r, are equal provided that they are

finite.
2. EXAMPLE
We construct, in what follows, a simple monic set of polynomials in two
complex variables, such that the effectiveness properties of the derived set

are distinct from those of the constructed set.
In fact, consider the set {p,,,(z; w)}, constructed as follows.

Poolzsw)=1;  p.lz;w)=z"w" (m, n>0),

m—1
Pmo(Zsw)=2"4+ 3 f(NE/+2/7 ' w+ - +w))  (m=1), (21)

j=0
Ponlz; W)= T )Z N+ wt - +wl) (n=1),
where
(j+1)/2
£ )—H(’frf) (j>0) (22)

It is seen that this set is simple and monic. Moreover, the following
representations are obvious.

2"W = Dol Z; W) (m, n>0), 23)
2" = Polzs W)= fm—1) po,_(z;w)  (m=1). '



POLYNOMIALS IN TWO COMPLEX VARIABLES 275

Also, it can be verified, for n > 1, that

n—1
W= poa(z; W) — Z P2 w)

j=0
1
A1) {1 —m} Pom_1 (23 W), (24)

In fact, the formula (2.4) is obvious for n=1. When n > 1, the right-hand
sider of (24}, in view of (2.1), will be equal to

nol o 1 =t X . .
2w Y W — Y ()T w4+ w)
j=1 f(”)jzo
n—~1 n—1
—7" Z f(j)(Zj-FZj*lW—f- +Wj)_ Z Zn‘jwj
j=0 Jj=1
1 n-—1
i 1‘*} fON 277wt wl)=w,
7ot %

and (2.4) is thus verified for n> 1.

The Cannon sum of the set {p,..(z; w)}, as defined in (1.3), can be
evaluated rom the representations (2.3) and (2.4), taking (2.1) and (2.2)
into account. Thus, we shall have

Ol F]=r""" (m, n, r>0),
Opolr]< {1+ 2em(m+1)}r" (m,r=1),
wolrl1<{2n+142en(n+1)}r"  (n,r>1)

Therefore, for the Cannon function of the set {p,, (z; w)}, as given by
(1.6), we shall have

olrisr (r=1).

Hence, by Cannon’s theorem, we deduce that the set {p,,,(z; w)} will be
effective in all S, for r>1.

According to (1.8), the derived set {u,, ,(z; w)} of the set {p, (z; w)} of
(2.1), 1s given as follows.

Hoolz; w)=1; Uy n(z; W)= (m+ 1) 2"W"
(m=0;nz=1),
m-—1 . X . (25)
Unolzsw)=(m+1)z"+ Y [+ D{(+D)z/+jz/ w4+ - +w/}

j=0
(m=1).
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As for the monomials (z™w") representation in terms of the polynomials
{t,yn(z; W)}, the following formula will be established for m > 2.

(4 1) 27 =tz W) — Fm) St (2 )
=0
m~2 m k
S (—l)m“kf(kJrl)[ 1 {f(j)~1}] S (2w
E=0 j=k+2 j=0

(2.6)

Actually, it can be verified from (2.5) that the formuia (2.6) is satisfied for
m=2. Suppose that (2.6) is valid for certain m > 2; then according to (2.5)
we shall have

UpiroZ;w)=(m+2)z2" T + {f(m+1)—1} (m+1) 27 + u,,o(z; w)

+ f(m+1) i Up_ 23 W).
J=1

Therefore, applying (2.6), we can easily obtain

(m+2) 27 =y ol W) — S+ 1) Y (2 W)
j=0
+mil(—1)'”+“kf(k+l)
k=0
m+1 k
x[ I1 {f(j)—l}] Y u_ iz w),

j=k+2 i=0
so that (2.6) remains valid for m + 1 also. Hence, by induction we infer that
(2.6) is true for all m=>2.

We shall denote by £, ,[r] for the Cannon sum of the derived set
{4 n(z; w)}. Therefore, as in (1.3), we can deduce from (2.6) that

m0[]>——[n{f( —1]M[u0,o;r] m>2).  (27)

Introducing therefore (2.2) in (2.7, it follows that

+3 J+1)/2
mO[r]> H ) .
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Hence, the Cannon function of the set {u,,(z; w)} is

Q[r]=limsup {Q, [r]}"/"*"
m+n— 0

> lim {Q,,o[r]}"

U+ D/2Y 1
e 102

m— o

. 3 {m+1)/2
— lim (%) —e (2.8)

m— o0

Therefore, for 1<r<e, we shall have Q[r]>r and the derived set
{u,,.(z;w)} will not be effective in the spheres S,, where the given set
{Pmalz; w)} is effective.

3. DErIVED SETS
Before proceeding to prove Theorem 1, we must first carry out a study

on the derived sets {u,,,(z; w)}, of the given simple monic set {p,, ,(z; w)},
as defined by (1.8). In fact, introducing (1.1) in (1.8) we easily obtain

m+n k
Uz w)= Y Y (k+1—j)ppilr, 25w/, (3.1)
k=0 ;=0
noting that pyit{==1 and pp 1%, =0 for j>n We also note that,

although the set {u,,(z;w)} is simple, yet the derived polynomials
(0/0z) po{z; w), for n> 1, are redundant and they must be eliminated. For
this aim we write

d
55 Pon+ Wz w)=q,(z; w) (n=0), (3.2)

and observing that the degree of g,(z; w) does not exceed in(n+1)+n
(corresponding to the monomial w"), we suppose that

n k
gz, wy= 3 D wi_u i (zw)  (n=0) (3.3

h=0j=0

To obtain recurrence relations for the coefficients («},), we differentiate the
representation (1.2) for w”*! and then apply the relations (1.8), (3.2), and
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(3.3). Noting that the simple set {p,,,(z; w)} is monic, we can easily arrive
at the following relations.

o= — Pl (0<j<n), (3.4)

W= PV X PSR, (0<j<k0<k<n—1). (35)

It remains now to derive the z™w"-representation in terms of the
polynomials {u,,,(z; w)} by differentiation of the expression (1.2) for
m+1..n

Z"*w", applying the definition (1.8) and (3.2) and then inserting the
relation (3.3). In this way, we obtain the representation

m+n k
Zm I:Z Z p;cn-:—llf]juk J](Z W)

m+n— k m+n-1
+ Z Z Z pg‘ ak jjuk _]j(z W)] (36)

k=0 j=0 =

noting again that p7,f " =1and pp* 7, =0 for j>n With the above

study on derived sets we start to prove Theorem 1 in what follows.

Proof of Theorem 1

We first evaluate the coefficients (o) from the relations (3.4) and (3.5).
In fact, in (3.5) we write j for k— j and k for j; then in the notation (1.9),
we obtain

n

Y L= —Pple (= j+k). (3.7

h=j+k

For any fixed values of j and k, we consider the system of linear equations
(3.7) in the unknowns (a} ) for n=j+k, j+k+1, j+k+2,.. It is easily
seen, from the elementary theory of matrices, that the solution of the
system (3.7) can be written in the form

W= — Z ‘nhﬁj()+h17cl (nzj+k), (3.8)

h=j+k

where the coefficients (7,,) are introduced in the representation (1.10).
Now, since the set {z,(z)} is monic, then from (1.11) and (3.8), we can

deduce that

0,7+ 1

Jo, | < 4,(r) Z ‘p“,,“‘ (n=j+k) (39)

h=j+k
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Furthermore, appealing to the relation (3.1) and applying Cauchy’s
inequality

; Opvi—ii
| Py A <MIpyy st th”

and noting that

(ha1— )T oy 1),

Op—ii
we obtain
j+k & , h
M[uj,k;rjs Z Z (k‘*‘l_i”mil{iu"
h=0i=0 Py
el/? j+k h
<_r"M[Pj+1,k;VJ Y Y (h+1)

A=0i=0
1/2

<%7(j+k+1)(j+k+2)2M[ijhk;r]. (3.10)

It should be observed that this inequality is true whether the given set
{Pmnlz; w)} is monic or not.

We npow evaluate the Cannon sum £,,[r] of the derived set
{#,,.(z; w)} by appeal to the formula (3.6). Observing that

"l <M[pops1irls
since the set {p,,,(z; w)} is monic, and that

o
<e'?

T + 1Ln

then, in view of (1.3), (3.9), and (3.10), we can easily arrive at the
inequality

elm+n+1)(m+n+2)?

Qm,n[‘r]< 3r(m+1) wm+l,n£r3
m+n—1 m-}-nfl;v h i
x{1+ Yokl Y ’;([) > w°;;+‘1[’]}. (3.11)
k=0 h=k i=k

We are now in a position to establish the inequality (1.13). If at least one of
the functions A(r) and w[r] is infinite there is nothing to prove. Supposing
therefore that both the functions A(r) and w[r] are finite, we choose the

640/47/4-2
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finite numbers t and p to be respectively greater than A(r) and w[r]. Then
from the definition (1.6) of w[r] and (1.12) of A(r) it follows that

©,[r]<Kp™*" A (1)< Kt" (m, n=0), (3.12)

where K denotes finite positive numbers independent of m, n and do not
retain the same values at different occurrences. Introducing (3.12) in (3.11)
and noting that 7 >r, p >r, it easily follows that

Q. [F1<Km+n)m+n+ 1) (m+n+2)> " " (p/r)?m+m, (3.13)

for sufficiently large m + n. Making m + # tend to infinity, (3.13) yields, for
the Cannon function Qfr],

QLrI<lp/r)?,

and the required inequality (1.13) follows at once, in view of the choice of
the numbers p and t. The first assertion of Theorem 1 is now proved.

To complete the proof of Theorem 1 we assume that the given set
{ Pmnl(z; w)} is effective in the closed sphere S, so that w[r]=r and the
inequality (1.13) reduces to the form

QLr1<Ar). (3.14)

The fact that this inequality cannot be improved is illustrated by showing
that the bound A(#) is attained by the Cannon function of the derived set of
the set {p,..(z; w)} of the example of Section 2 above.

Actually, in the notation (1.9), we can deduce from the representation
(2.4), written for w" !, that
(n=1)

to(z)=1; tn(z)=z”+f(n){1—ﬁ711Ti—)} z" !

Hence, the following representation can be verified.

n_ "o N .
Z—tn(2)+k§0(—1) kf(nH)Ll;[H{f(J) 1}:|tk(z) (n=1).

Therefore, the Cannon sum of the set {t,(z)} will be

=y S N .
i(r)=r +2kZ=:0 (n+1)|:j=112{f(]) 1}]1‘ (r>0). (3.15)

Introducing the value (2.2) of f(j) in (3.15), we obtain, on the one hand,

n ~+3 (j+1)/2
2. >T1 6?> . (3.16)
Jj=1
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On the other hand, since ((j+3)/(j+1))Y*"?<e and monotonically
increases with j for j =0, then (3.15) yields, for 0 <r <e,

n—1 n+1 . (j+1)2
Al <r+2 z[ 1 Cf_?i) Jrk

k=0Lj=t+2 +1
<(2n+1)e". (3.17)
Therefore, for the Cannon function of the set {7,(z)}, (3.16) and (3.17)
imply that
Ar)y=e O<r<e). (3.18)
In view of the fact that the set {p,, ,(z; w)} is effective in S, for r>1, it
follows from (2.8), (3.14), and (3.18) that
Q[r]=e (1<r<e),
and the bound in (3.14) is attained. The proof of Theorem 1 is therefore
complete.

It should be finally observed that, if in the given simpie (not necessarily
monic) set {p,, (z;w)}, we have

Ponz; wy=w" (n=1), (3.19)

then in the derived polynomials there are no redundant ones. Hence the
coefficients (a7 ;) of (3.3.) no longer exist and from (3.6), we deduce that

1 m+n k
w A 1,
W= kgoz:o Pl e (zw), (3.20)
with the reservation that pt 1" #0 and gt )7, =0 for j>n We now

introduce in (3.20) the inequality (3.10), which is true whether the given set
{Pinn(z; w)} is monic or not, and follow a treatment similar to that leading
to the inequality (1.13). In this way we are led to the following inequality
for the Cannon function of the derived set {u,,,(z; w)},

Qri<olr], (3.21)

provided that the Cannon function w[r], of the given set {p,,.(z; w)}, is
finite. The inequality (3.21), which is true whether the set {p, (z;w)} is
monic or not, will be supplemented in the following section on integrated
sets.
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4. INTEGRATED SETS

Proof of Theorem 2

The proof is rather straightforward; thus, when j>1, we evaluate
M{v;;; r] from the definition (1.14) and by the use of Cauchy’s inequality.
The following steps are easily arrived at:

j+k—1 h |p] 1” h+1

Mlv,;r]< f
[J’k L hgo ,-go(h"l‘*'l)ah\ml,i

J+k—1 &

Cp_ii
<rMp;,_x;r] - :
Pi- vk ,Eo ,-iv“o(h—wl)ah,,-ﬂ,,-

1
<—2—e1/2r(j+k)(j+k+1)M[pj,lyk;r] 4.1

Further, the representation of the monomials (z”w”) in terms of the
polynomials {v,,,(z; w)} can be derived from (1.2) in the form

m+nk—1

TWh=m Y Y BRI v (5 w), (4.2)

k=1 ;=0

zZ

when m >0, and when m =0 then w” =v,,,(z; w) as in (1.15).

The Cannon sum 4,,,[r] of the integrated set {v,,,(z;w)} can be
deduced from (4.1) and (4.2). Thus, when m >0, the following inequality
can be easily obtained.

A, r1<iertm+nY(m+n+1)o,_,[r], (4.3)
and when m =0, (1.15) gives
A Lr]=r" (4.4)

Now, if the Cannon function w[r] of the set {p,,,(z; w)} is finite, then
given a finite number p greater than w[r], we can deduce from (4.3) and
(4.4) that

A[r]<p,

where A[r] is the Cannon function of the set {v,,.(z; w)}. Hence by the
choice of the number p we may infer that

A[r]<wlr]. (4.5)

Finally, we observe that the given simple set {p,,.(z; w)} is the derived set
of the set {v,,,(z; w)} in which we have

UO,n(Za W) = Wn (l’l 2 0)’
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so that Eq. (3.19) is satisfied. Therefore, if A[r] is finite the inequality
(3.21) is valid, and in the foregoing notation, it can be written in the form

wlrl1<Alr]. (4.6)

The inequalities (4.5) and (4.6) imply the equality of the Cannon
functions A[r] and o[r] and Theorem 2 is the therefore established.
In conclusion, we append with the following result.

THEOREM 3. Let {p,,.(z; w)} be a given simple set of polynomials which
satisfy (3.19). Suppose further that

PmaOsw)=0  (m=1;n2>0), (4.7)

and that {u,, (z, w) is the derived set of the given set {p,, {z;w)}. Then the
Cannon functions of the sets {p,..(z;w)} and {u,,,(z; w)} are equal for any
positive value of r for which these functions are finite.

In fact, according to (1.8) and (4.7), we observe that
Prialzs W)= [ s GW) AL (= 1;020)
0

Hence, the required result of the theorem follows from Theorem.2, in view
of the Eq. (3.19).
Consideration of the set {p,, ,(z; w)}, given by

m+n)!
———( ) +z"

Pmnlzs W)= w' (m=1;n=0)

Polz; w)=w" (n=0),

illustrates the essentiality of the condition (4.7).
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