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ON THE ABEL-TYPE SERIES

JOSEF KAUCKY, Bratislava

1.

This paper is divided into seven parts. The first of them forms an intro-
duction. The next part presents a proof of the combinatorial identity

(1.1) é(afﬂiw—ik4= %Eﬁjﬁ
2! (n — o) »!
=0 v=0

and the object of the third part is to show how from the latter Abel’s generalized
binomial formula [1]

n

(1.2) (@ + ar = z ( f) a(a — BiY-i(o + fiyr=s =

=0
— o (?)a(x + 1+ (;) wlo — 26) (x + 26012 + ...

can be deduced.
The relation (1.1) has not been unknown, on the contrary, it was proved
with the help of Abel’s identity by Birnbaum and Pyke in their article [2].
The different examples in the fourth part serve to illustrate how the various
relations of the Abel-type may be established with the help of identity (1.1).
Because for « = 0 the equation (1.2) gives the identity a2 = z», we may
assume « + 0. Further if we substitute — g for g, the formula (1.2) may

be written as follows
n

2 1L @—pip e+ _ 1 @tap

«+pi (n— i) il x  nl

(1.3)
-0
But after replacing in general

nk n_(n),c
o ()
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we see that the Abel formula in the form (1.3) is similar to the identity

(44 z 1 ( _Sd) (q Sd) 1 ( q)
q+sd \n—s s q n
-0

which is a special case of the Hagen’s combinatorial formula no. 17 [3].
Thus (1.3) may be proved in a way analogous to the method which I have
used to prove (1.4) in paper [4]. The proof which is of some importance for what

follows, is contained in the fifth part.
In concluding her paper [5], O. Engelberg mentions as the result of
certain probabilities the following binomial identity

0-1
(15)2 1 A+mb—9)—2) (T+mi) 1 (14 uh
' 1+ e b—1—1 ) 14+ pu b
to

which was proved by the help of usual combinatorial methods by H. Gould
in [4].
But with the help of the formula

o > ) )
r+sd \n—s ) r n

-0

+"z (rd — qd) (rd — (g — V) ... (rd — (g — k + 1)) (p tq— L)

rir+d)...(r+ kd) n—k
P
which I have derived in the quoted paper [4], we obtain this relation im-
mediately.

There arises now the question of the existence of a generalization of the Abel’s
formula, similar to (1.6). Such formula is proved in the sixth part and takes

the form

n

o S e
L0+ B (n—2) 3!
_ z (85 — oy o+
30+ ) o+ 02) (=)
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The example in the last part of this paper shows the applicability of the
preceding formula.

Finally, it should be noted that the sums on the left of the relations (1.6)
and (1.7) are special cases of the more general expressions

n

1 p—sd\ [q+ sd
r+sd’ \n—s s

s 0

and
n

z 1 (y — Byt (x + B1)
S+ % (m— i) il

-0

respectively, yet we are not in the position of stating anything about them.
In fact, it would be interesting to try to evaluate the sums

n

2 p—sd) (q+od) z (y — Byt (o« + i)
n—s ) . (n — 1) 7!

s 0 -0

of which the first is a generalization of the sum in the well-known Jensen's

identity
SEe)-Spe
n—s s n—y
s 0 ’ -0

while the second is a generalisation of the expression in the equation

n n

z (y — Byt (o + po)f z( +r
X ; = — p
(n —a)! 2! »!

10 v-0

which is derived from the identity (1.1) by a simple transformation.

The principal results of this paper have been communicated at the Con-
ference on Graph Theory and Combinatorial Analysis held in Smolenice
in June 1966.

We write
n

(2.1) Jie, 5 m) = Z(j) (o + 3)i (B — i)t =

=0
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n

o E (a + ) e (@, B )

1! (n — 9)!

=0

where «, § may be any numbers (real or complex).

When we carry out the following operations, 10 replacing (« -+ ¢) by (« + 8)—
— (B —1); 2° using the binomial formula to evaluate [x + g — (8 — %)I5
3 changing the order of summation according to the rule

n [ n n
—
Z}zz
10 » 0 v 0 1w

4° using the well-known formula

()G

5 transforming the inner sum by inserting the substitution ¢ — v — u;
6 and finally using another well-known relation

- k
2(—1)# (a —mk( ) = &
M

n=0

where a is an arbitrary number, we obtain successively

Tale, f; n) =§(") [+ B — (B — i) (B — iy~ =

i=0
=§( : ) (B — o)t z( ) (@ + By (1) (B — )i~ =
v v
T 0 »—0
n n o ;
S S (i)
. n X n—v
=§( ) (“+5)"§(, )(_1)i—r[5_v_(i__v)]n-v=
v — v — ¥
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n n-r

n n—v
=§(v)(a+ﬁ)”z( ) )(—1>ﬂ(ﬂ-v—mn—v=

v-0 #=0

n

=2(") (o + By (1 — »)! =n!§(“—+—’gl-
v !

v 0 v 0

Returning to the original denotation we get thus the following results

(2.2) Ji(a, f; m) =
=z(7) (o + i) (B — iyt = ! Z‘“fﬂ’”
— ? — V.

and l

(2.3) Ky(«, 5 n) =

CNCle i @iy ﬁ(a + By,
il (n — 3)! »!
-0 =0

Putting now —« instead of « and —f instead of 8, we see that

(2.4) Joler, fum) —
22(7)@: — i) (B + iyt = mz(_l)n_p @+ Ay
' v!
-0 "
and
(2.5) ol i m) —
- Sl O = \ (—1)n-» (x+ By
it (n —2)! !
=0 -y
3.

We now turn our attention to Abel’s extension of the binomial formula

n

(3.1) (x + o) =§( 7:) (e — Bi)i-1 (x + Bi)r—i

=0

44



where «, 8, « are arbitrary real or complex numbers and » is a non-negative
integer.

To prove this relation by applying the results of the preceding chapter,
we put down

LA x
y=—, = —;

p p

we can suppose 8 & 0, because for 8 = 0 Abel’s equation is reduced to the
binomial formula. Then the sum in (3.1) may be written in the form -

- n
ﬂ”z( z.) yly — )1 (8 + o)t

=0
But this expression equals further

n

ﬂz( ’:) [ — i) + i1 (7 — )2 6 + iyt =

=0

n

=ﬂn{z(’;)(y—i)i(a+i>"-i+

=0
X n—1
+ ”z( 1) y—1—@—D1DP[0+1+ (@ — 1)]n—1—(i—1>}=
1/ —_—
- N
—1
= pn {Jz(y, o, m) + nz( ) (y —1 —p)#(d4+1+ M)n—l—u} =
22
#-0

= B {Ja(y, ;m) 4 ndaly — 1,8 + Lim — 1)} =
= fral{Ka(y, 6;n) + Kaly — 1,0 + 1;n — 1)} =

n n-1
)id Sy
V. V.
v 0 P

= f"n! mn_ = p (a—l——x)" = (a + z)».
n! B



Thus, we have proved that Abel’s identity (3.1) is a consequence of one
of the identities of the foregoing part.

4.

We shall now show how the various relations of the Abel-type can be estab-

lished with the use of the identities (2.2), ..., (2.5).
1. If n is a positive integer greater than 1, show that [6]

n=1

n
z( ) )in—i—l (n — 4)i-l = 2pn-2,
. )

=1

Proof. If § represents the sum, we get

S =284+ 8,
where
n=1
—1\ .
S; = 2 ( ) in—i-l(p — §)i-1
1 — 1
i-1
and
n-1
n—1
Sg = E( ) ) in—i-1 (g — g)i-1 .
7
i-1
But putting » — ¢ = 4’, we find that
n-1
n—1
S = Jan—il (n — 4yl =
n—1
i=1
n-1
n—1 i X
7
i1

so that
S = 28,.

Now because n > 1 we can add into Sz the term with ¢ = 0, so that

n-1

n—1
nSs = E( . )(n—i—l—i) (n — g)i-lgn—i-1 =
)

-0
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n—1
ST e
)

{0

n— 2
+ (n 1) z( ) [(m—1—(@— D11+ @ — 126D =

1 — 1
i1
— (n — D! Ka(n, 0;n — 1) +
n 2 " 2 ’ ’
+(n— l)z( ) ) (n—1— @) (12 =
)
-0
(n — 1) {Ka(n, 0; n — 1) + Kz(n — 1, I; n — 2)} =
n-1 n-2
n’ n’
— (n — 1)! {E (_1)11,—1—v —_ z (_l)n—l—v ] =
»! »!
v 0 v 0
nr-1
— — 1) —npn 1,
N ) (n — 1)! "

Thus Sz n? 2and S = 2nn-2,

2. If n is a positive tnteger, show that [7]

2(—1)” ( ") (p + p-ipn=> — (—1).
- p

Proof. The identity may be written in the form

n
2( ) (1 + pyri(—pp» = 1.
P
p 0
Further the sum equals

z (;) (I+p—p) 1+ p)pY(—p)? —

0
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n-1

=nlK1(1,0; n) — nz (n o 1) 2+ p)P(— 1 —p)n—2? =
p
0

= a!{Ki(1, 0; n) — K1(2, —1; n — 1)} =

n n-1
1 1 1
= n! — = Y—i=al—=1.
»! »! n!
=0 v=0

3. Show that for all o, f and integer n > 0 2] (see also [8])

(x — 1) —-n)ZI-}— ( )(g(_}_z)l(ﬂ_i)n—i—l:

=—_1{—_—1-[(zx—{—ﬂ)" +p—n—1)— @+ "B —n)

Proof. The expression on the left of this identity can be successively
transformed as follows

1) E[ )} - (n)(+')i(ﬂ )il
ac— —z-—n—@ o 2 — )Rl =
144

n

=(a—l){§ 1-1|- ( )(a+z)i(ﬂ—i)”‘i——

=0
n-1
! n—1 0 )e J\n-1-t\ =—
_nEH—i( ; )(a+@) (B —1) =
0
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=z{a+i~(i—|—1)} lii(t)(“_}_i)i(ﬁ_i)n—i_
-0
_nn_l{oc+i—(i+1)} N L (o 4 i) (B — d)n-1-t =
141 )
i-0

= 1 " (oC + i)i+1(ﬂ — i)n-i —
14+4\4

i0
n—1
1 n—1 o
— HE - ( . ) (“ + i)i+1(/3 — @)n—z—l —_
144 2
10
n n-1

E n Z n—1 ) ] .
—_ (_)(oc—l—i)i(lg_i)n—i_}_n ( ; )(a_l_@)i (B — i)r-1-i.
7

' 0 70

1

Now, with regard to (2.3) the two last terms give
— (x+ B

so that the sum which we examine equals

n

ST i g — i -
n+ 1 1+ 1

i-0
n-1 .
_2( n ) (a 4 3)itt (B — i)n—i-1 — (o + p)* =

P41

i0
n+1

1 )

= ("J.rl)<a—1+i>i(ﬁ+1—i>"+1-i—
n+ 1 . )

—z(") (00— 1 i) (B -+ 1 — i)t — (@ + A

Adding and subtracting the expression



1
n+1

(B + 1ntt + (B + 1)»,

we get finally

Jile—L g+ Ln+1)—Jila—1,84+1;n)—

n -+ 1
(B + 1y C(etpr .
T (ﬂ—n)—(a+ﬂ)——n+l (o + p)
(B + 1) B | . . _
Tl (ﬂ—n)—nJrl [+ B)r (e +f—n—1)— (F+ 1)* (B —n)]

which is the desired result.

Note. The identities [9]

: n
Z ( k) (0 — kyr—k(k — 1)1 = — (n — 1)

E 0
and [10]

n

2(2) (U B 41— By = (n o+ 2)°

kO

may be proved in the same manner.

5.

Let us assume « #+ 0 and put —p instead of 8. Then Abel’s formula may
be written in the form

1 (@ — iyt (x+ i)
S(a,x;n,ﬁ)=za+ﬂi (n — 4)! il B

(5.1

_ 1 +z_1_ @ — iy @+ piyt 1 @t

T (n—1)! (z — 1) o n!
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As indicated in the introductory part, this relation may be proved in the
same way as I have proved the analogous identity (1.4) in my paper [4],
that is, by induction.

(5.1) is clearly correct when » = 0. Now, starting with the hypothesis
that this formula is valid for n, we will show that

S(ee, x;m 4+ 1, f) =

RO L @B b B 1 @t
et B (41— il % (n 4 1)

i 0
For this purpose we write

1 (x 4 o)ntl 1 (4 a) v+ o x4 o
— = = S(a, 3 n, B)
o« (n+ 1) o n! n+1 n+1

K to |1 an n 1 (x — pi)r—t (o + Pr)i1
n+1l\|a n T (n—13)! (z — 1)!

i=1

and after some small modifications we obtain further

antl

(n + 1)!

1 (x4 o)rtl

o« (n+ 1)

1
o

n

1 {x+z (0 — Bi) + (o + i) (@ — piyrs <«+ﬁi>i—1}=

n—+1|mn! ) (n — 2)! (z — 1)!
i 1
1 pntl 1 { an
= — —- + —_—
o« (n -+ 1) n+ 1| n!

+§: n+1—1¢ (x— pi)yetlt (o 4 Bo)i-1 n

i m+1—13) (@G— 1)

. zu B ﬂi)i} _
(n — 2)! 1!

=1

The first term and the second sum in the parentheses yield
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(@ — pi)r=t (x + i)t
(n — 9)! il

i-0
and the first sum can be divided into two parts:

(x — Bi)yr+i~i (a4 Bi)i-1
(n+l)§: (n +1—79)! (z — 1)!

and
n

N @ = B (o gy
z m+1—d) @G—1)

n-1
~ N @=p—p) (x+B+p)
o (n — 3)! il

=0

Furthermore, if we add

[ 4 B(n 4 1)]*

n!

to the first sum and subtract the same expression from the other sum we obtain

(@ — Byt (o + i)t
n+l)2 (m+1—3d) @G—1)

or

n

_z (e — B — iyt (a+ B + Bi)'

(n — i)! il

respectively.
Finally, applying all these results we get
(x -+ a)n+1 1 xntl

1
— =— +
« (n+ 1) « (n+ 1)

1 (@ — iyt (ot iy .
i m1—d) (G — 1)

i=1
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n

L0 (& — Bip~t (a+ i)
n+1 z (n — 2)! !

=0

(x — B — pi)yr=t (x+ B+ Pi)t
(n — 2)! 7!

. ' pr x x a+p z—F ﬂ" \_
—S(a,a:,n+l,ﬁ)+n+l{K(ﬁ ﬂ )—Kl( 5 5 ,n)}

But the symbols in the parentheses represent the same values, so that

1 (x4 o)nt?

< w1 = S(a, x; n + 1, p)

and this is the required equation.
Abel’s formula is thus established.

6.

Now we shall give the proof of the identity (1.7), mentioned in the first part.
For this purpose we introduce the denotation

n

o 1 =pirt et p) 1
S(a,y,é,n,ﬂ,ﬁ)—zé_l_ﬂ@ (n — i)l a8 i

=0

n

+§ a—+pi (y— pi)rt (ax + Pi)i-t
O+ pe) (m—2d) G —1)

n=1

By breaking up the function

o -+ fi
(6 + iy
into partial fractions we get
o+ i =ﬁc§—oc/3’ 1 _}_ii,
(0 + Bi)e 0 04 pe o 1

so that
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. , ﬂm—m (v — "=t (o + BO)-
S(O(,y,ayn}ﬂ?ﬂ) za_l_ﬂ,’/ 77/—‘2)! (q/_]_) +

+EEEL7“*%”Z“+W
5 /. i (m—d)  (i— 1)

©-1

Now, putting (¢ + 1) instead of ¢ in the first sum and calculating the second
sum from the relation (5.1), we obtain

, 1 (x4 )
S(a,y,é;%,ﬁ,ﬁ)=;7‘+

55 — 0613 (y =B —pi)rt (e + B+ p) _
RN ENL n—1— )t il

j}a+y Bs — af’
I} n! 0

(“+/3’V—ﬁ,5+ﬂ'1"—1,/3:/3/)-

We have thus a recurrence formula for the required sum, whence it follows
that

1 g, Bo—af (e
Sty om b B = T e -
B —ofP ko (o)

SO+ O+28) m—2t T S0+ B) .. 0+ nf)

But this is the combinatorial identity (1.7)

n

22 Ly — iy (e Bi)
S+ p5  (n— i) il

i-0

n

:zg (85 — op'y (e + y)r~
50+ B) (6 +26)...0+9F) (n— )

v=0

7.

For want of a more convenient example we shall show the applicability
of the preceding formula by proving once more the Birnbaum-Pyke’s binomial
identity of part 5.

54



n

@@= (1) @+ -z
o L1 o+ ) —1 =

-0

1
=- [l@+p)r(x+p—n—1)—=(@+1) B —n)].
n+1
For this purpose we write the sum on the left of this equation in the form
— 1 — ~i i
o 16— S (B — iy~ (o + i)
Z_,l—i—z)ﬂ—z) (n — 9! v!

)
Since

1 1 ( 1 n 1
A+0@B—i) 14+p\1+i p—i
we obtain, after substituing the above result,
n

(¢ — 1) (B — n)n! z 1 (B — )t (oc—]-'i)i+
148 1+4¢ (n—2)! ¢!

— iyt (@ i
zﬂ—@ (n — 3)! 2! ‘

But the first sum in the parentheses is in our denotation equal to S(«, 8, 1;
7, 1, 1) and in the second sum we put (n — %) instead of <. Then we obtain

(¢ — 1) (B — n)n!
14 B

N L it By
zﬂ—wri (n — )l il
-0
|

(@ 1)(8 —n!
1+ 8

I 0 A (a+ﬂ)"+§(1—a)”(a+ﬂ)"‘” _
1+p g—n n! 4+ 1! (n—2)!

[S(a, B,1;n,1,1) +

{S(a, 8,151, 1,1) + 8(fp —n, e + 0, —n;m, 1,1)} =

=l et p— — z("+1)(1—av+l(a+m
1+ 8 1+5 (n + 1) v+ 1
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=1t b—n i("“)(l P (@4 gy
—_— n— — o) (« ntl-y —
146 mEDa+p L\ v

=2 " {(1 +ﬁ)"+1—(u+ﬂ)”“}=
1+ 8 (4 1) (1+p)

1 1
=—n—+1(1+ﬁ)”(ﬂ—n)+—n—+—l—(a+l3)"(a+ﬂ—n—1)

which is the correct result.
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