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1. If the two functions f(z) and g(z) are connected by the relation

gz + 1) — 9(z) = f(2),
then f(z) is called the difference of g¢g(z) and g¢g(z) is the sum of f(z).
These relations are denoted by

fl2) = 49();  9(x) = . f(2),

and it is obvious that any function of period unity can be added to the
sum of a given function. The authors considered recently |1] the dif-
ference set {u,(2)} and the sum set {v,(2)} of a given simple set of
polynomials® {p,(2)}. These sets are the simple sets defined by

(1.1) Un(?) = ADpii(?) ; (n=0),
(1.2) vy(2) = 1; 0,(2) = D, (2) 5 nz=1),
and the indetermination in the sum set is removed by supposing that

(1.3) v,(0) = 05 n=1).

The main result of the above mentioned work concerns the order ¢
and ¢ of the difference and sum sets respectively of a simple set of a
given order w. In fact, it has been shown that

(1.4) 8 <max (1, w),
and
1.5) cZw+1.

Our aim in the present paper is to generalise these results for more
general classes of basic sets of polynomials. It will be here shown that,
with suitable modification of the definition of difference sets, the upper
bound in (1.4) remains the same for the most general classes of basic
sets of polynomials. As for the sum sets, it will be here proved that,
in order to get a finite upper bound for the order of the sum set, a
limitation on the class of basic sets is inevitable.

2. This section and the following one are devoted to the study of

Received January 9, 1960, and in revised form May 23, 1960.
1 The reader is supposed to be acquainted with the the theory of basic sets of poly-
nomials as given by Whittaker [3].

1099



1100 N. N. MIKHAIL AND M. NASSIF

the difference set {u,(2)} of a general basic set of polynomials {p,(2)}.
As an introduction we first consider the difference set {#,(?)} of the
unit set (2"). According to (1.1), this set is given by

2.1) Fa(2) = (2 + 1" — 2" (n=0).

It has been shown [1; formula (2.14)] that this set admits the representation

(2.2) = S uath(®)
where?
2.3) s | < Kn! ; O0<k=n).

(& + 1)l(@2m)"*

Considering now the difference set {u,(2)} of a general basic set
{p.(2)}, the definition (1.1) has to be slightly modified in order to avoid
a linear dependence among the polynomials of the resulting set. In
fact, suppose that 2" admits the representation

(2.4) 2= 5 Tupile) ; (nz0),
and in particular,

(2.5) 1= Z Ty, xDx(?) .

A process of differencing, operating on this last relation, yields a
linear relation between the involved differenced polynomials. For this
reason a polynomial of the set {p,(2)} has to be eliminated. Suppose,
in fact, that m,, is the first non-zero coefficient in (2.5) then the differ-
ence set {u,(2)} is not defined by

' un(z) = Apnﬂ(z) (n 2 ﬁ) .
Thus the polynomial p,(z) is eliminated. In case of simple sets
2 =0 and the definition (2.6) reduces to that in (1.1).

We first show?® that the set of polynomials {u,(2)}, as defined by (2.6)
is basic. To this end we define the set {p!(z)} by

@7 Piz) = U/2){pa(2) — pa(0)} ; O=n=sp-1),

PL(2) = (1/2){Pnir(2) — Puin(0)} ; (nzp.

It can be easily verified from the definitions (2.1), (2.6) and (2.7)
that the set {u,(2)} is the product set

2 In our notation K denotes positive finite numbars indepandent of » that not necessarily
of the same value at different occurrences.

3 The following discussion is due to Newns in his study on the derived sets [2; p. 465].



ON THE DIFFERENCE AND SUM OF BASIC SETS OF POLYNOMIALS 1101

(2.8) {ua(2)} = {PLRHIA(2)} -

Hence, in order to prove that {u,(2)} is basic it is sufficient to show that
the set {pi(2)} is basic. In fact, rewriting (2.5) and using (2.7) we get

1= ; 7o,x(0) + Z{m,m@(z) + k% ﬂo,kﬂp}i(Z)} ,

where 7(z) = (1/2){p.(2) — p.(0)}. Since the first sum is equal to 1 it
follows that

(2.9) PR = — 3 Zoriipl(z)

kzp Ty

Inserting (2.7) and (2.9) in (2.4), written for z"*' we obtain the
unique representation

p—1
FARRIES ; Tp11,(0) + Z{kzoﬂnﬂ,kpl(z) + kZ (Tcnﬂ.kﬂ - ﬂnﬂ,un;;"“)pl(z)} .
= Zp

0,k

As the first sum is zero it follows that the set {p!(2)} is a basic set
that admits the unique representation

(2.10) = Salal(a)
where
EL.E = ﬂn+1'k (0 _S_ k é ﬂ - 1) ’
(2.11) Tk = Tntr e — ﬂn“'“x;;kﬂ b=pmnz0.
0,1

Hence the set {u,(2)} is the basic, as required.

3. We propose here to establish an upper bound for the order of
the difference set of a given basic set of polynomials, and the following
theorem shows that the bound given in (1.4) remains the same for
general basic sets.

THEOREM 1. Let {p.?) be a general basic set of polynomials of
order w; then the difference set {u,(2)}, defined by (2.6), will be of order
S, where

3.1) d = max (1, o) .
Proof. Let (7,5) be the coefficients corresponding to those in (2.4)

for the set {u,(2)}. Hence, in view of (2.2), (2.8) and (2.10) it follows
that

(3-2) ryn,lc = ;))"n]n-gk .
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Adopting the usual notations for basic sets we write*

F,(p; R) = max max

.7 |z|=R k=1

SERXOIP

and F,(u; R) for the corresponding expression for the set {u,(2)}. Since
the set {p,(2)} is of order w, then given any finite number ®, > w we
shall have

(3.3) F.(p; R) < Kn*"; nz=1).
Choose the integers s, and t, for the set {u,(z)} such that

g‘. V5 %i(2)

k=sp

F.(u; R) = max

1z|=R

?

hence (3.2) implies that

(3.4) F,; R) = max |3, xn,,f,(z)l ,

l2|=R |j=

where

Fie) = Sl au@) -

Writing g,(z) = ZZ’;% 7! .pl(2), then it follows from (2.8) that, if

(3.5) 0,2) = 9,2,
then
(3.6) @) = 20,942 -

Applying the relations (2.7) and (2.11) in g,(?) we easily obtain
(3.7 0,0) = WD)| S 7lpa®) — PO}

+ k§+l{ﬂj+l,k — né::“ﬂo,k}{pk(z) - pk(o)}] .
Putting
L(R) =max|f(2)[;  #Z(E)=max|g,z)|;

M(p,; R) = max | pa(2) |
and observing that

4 Because of the variety of sets considered here the dependence of the entity on the
particular set is explicitly written, whenever it is possible; thus we shall, for example,
write M(pn; R) = max | Pa(2) |

7



ON THE DIFFERENCE AND SUM OF BASIC SETS OF POLYNOMIALS 1103

3 Frapl0)| = max | 7m0 S P B (B> 0),

then, for any positive number o, (3.7) yields

B8 o) = W 1Pyl ) + [Frs P L op )|
. Fyp; 0)
= (2/0)F..(p; 0)| 2
= @ o2 + i

< KFy;.(p; 0) .

Suppose now that 0 > R 4 1 and apply Cauchy’s inequality for g,(z)
as given in (3.5). Hence inserting (2.1) and (8.8) in (3.6) we obtain

(3.9) L{(R) < KF}..(p; 0) zw

k
< KFyr; ) SELA < KFyuw 00
Substitution from (2.3), (3.3) and (3.9) in (3.4) now gives

Fy(u; R) < Kz Ny | Fya(D; 0)

K’I’L’ n+1 (27-5)]'7'«»11

< @r)t = gl '

and since j! > (j/e)’; (j = 1), the above inequality yields

! ntl .
(3.10) F.(u; R) < (;;;’i; - jgl (2emyjre

Suppose that @ = 1, then w, > 1 and (3.10) implies that
F,(u; R) < K(n + 1)!le*(n + 1)t |

which ensures the order & of the set {u,(2)} cannot exceed w,; and since
o, can be taken as near to w as we please we deduce that 8§ < w.

Suppose that @ < 1; then by suitable choice we shall have w, <1
and hence (3.10) gives

F,(uw; R) < K(n + 1)le"*,

and thus 8 < 1. We thus conclude that & < max (1, ®w) and the proof
of Theorem 1 is complete.

4. In the remaining sections the sum set {v,(z)} of a given set
{p.(2)} is considered. As in the case of difference set we introduce by
considering the sum set {¢,(?)} of the unit set (z").

This set, according to the definitions (1.2) and (1.3), is given by
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$o(2) = 1; ¢ulz + 1) — pulz) = 2"

(1 $a(0) = 0; nz=1).

It has been shown [1; formula (4.7)] that this set admits the repre-
sentation

4.2) =301 ),

and that it accords to the inequalities [1; formulae (2.5), (2.6)]

(n — 1)!

4.3) S TEO

< M(¢; R) < (n — 1)le®; m=1;R>1).

In case of sum sets the definitions (1.2) and (1.3) remain valid for
general basic sets of polynomials. In fact, the sum set {v(z)} of the set
{p(?)} is the basic set given by

(4.4) v(2) =1; 0,(2) = kEpn—l,k¢k+l(z) B n=1),
where
(4.5) Pa(2) = 3 Pna?®

and it admits the uﬁique representation
(4.6) "= ; W 5 V6(2)

where
17.1’0_0:1, '(D/O.n:O; (’I’b>0), wn,ozoy (n%l),

el Wy = JZJI(J ﬁ 1)71'3—1.k—1 k=1, nz=1).

It should be noted that, if the class of the basic set {p.(2)} is not
restricted, the order of the sum set {v,(2)} may be infinite, even if the
order of the set {p,(?)} is zero. This fact is illustrated by the following
example®, which also suggests that, in order to ensure a finite upper
bound for the order of the sum set, the basic set {p.(2)} should accord
to the restriction that D, = 0(n), where D, is the degree of the poly-
nomial of highest degree in the representation

Zn = Ekl T xD6(2) .

ExAMPLE. Let (v,) be an increasing sequence of even integers such
that v, > 2n for all large » and lim,_. v,/(nlogn) = 0. Consider the

5 This generalised example was suggested by the referee of this paper, as a substitute
of two, originally given, particular examples,
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basic set {p.(z)} given by
pm(z) =2
p2n+1(z) = 2" 4 {(2% + 1)‘}wzm ’

where @ is any nonnegative number.
It is easily seen that this set is of order w. Forming the sum set
{va(2)}, (4.4) gives

/Uo(z) =1,
(4'8) 1}2n+1(z) = ¢2n+1(z) ’
Von12(2) = Prana(2) + {20 + D¢y, 1(2)

In view of (4.2), it is easily verified that

@9 =357 o — B (57 )@+ D).

j=1 7=0
Writing, in view of (4.6),
(4.10) @a(v; B) = 3| 00| M(vi E)

and applying (4.3), equations (4.8) and (4.9) yield

@y, (v; R) > 2n{(@2n — 1)I}°M, _ .; R}
> {(2% — 1)!}‘”()),1_1)!/(271')“71—1 .

Hence, the order of the sum set {v,(z)} is

o = lim lim sup log w,(v; R) > lim sup 2 log (2n — 1)! 4 log(v,—,)!
Rooo  m—oo nlog n n—oo 2n log 2n

= o + limsup v,/2n = @ + lim sup D,/» ,

i oo
since
D,, = 2n ; D,,.,=max(2n + 1,v,) .

The possibilities lim sup,_. D,/n = 1, a, o, where 1 < a < o, can be
covered by choosing v, = 2n + 2, 2[(n + $)al, 2(2n + 1)[1/1log (2n + 1)]
respectively, where [x] has its usual meaning of ‘‘the integral part of z’’.

5. The above example shows also that the result formulated in the
following theorem is best possible.

THEOREM 2. Let w be the order of the basic sets {p,(z)} which
satisfies the condition that

5.1) limsup D,/n = a < «

n—r
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then the sum set {v,(2)} will be of order ¢ < w + a.

Proof. Since the set {p,(2)} is of order w, then for any finite
number w, > @ we have
(5.2) w,(p; B) < Kn", (nz1),
where ®,(p; R) is the Cannon sum for the set {p.(2)}, given by
@u(p; B) = X5 | T | M(pss R)

Also, given any finite number a’ > «, there exists, in view of (5.1),
a positive integer m, such that

D, <an, (n>n),
so that
(5.8) (D)) < F(@n + 1) < K(@n)*™%, (n>mn,) .

Now, let d, be the degree of the polynomial p,(z); then combining
(4.3) and (4.4) we obtain

dn—l
(5.4) M(v,; R) = 12_140 | D151 M(bysa; B)
< Ky + DIM(ppy; R); m=1 R>1).

Applying (4.7) we get the familiar inequality

n—1
(5.5) 0w B) = 53 (1) S 7y | M0 R) -
Ie=0 7
Inserting (5.2), (56.3) and (5.4) in (5.5) and mindful of the definition
of the number D,, it follows, for n > n,, that

@, B) < K5, (7 J(Ds + Dlo(w; R)

< K[l + :é(ﬁ)(Dk + Dk 4+ S ('Z)(ark 4 q)wEem kkwl]

k=np+1

< K(am + pemommen S (1) = K2'(@n + D)oo
k=0

This relation implies that the order ¢ of the sum set {v,(z)} does
not exceed w, + a’. Since w, and &' can be arbitrarily chosen near to
o and « respectively, we conclude that ¢ < w + a; and Theorem 2 is
therefore established.

Finally, the authors wish to express their thanks to the referee of
this paper for his helpful comments and constructive suggestions,
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