Annales Mathematicae Silesianae (2026),
DOI: 10.2478/amsil-2026-0013

DOUBLE SUMS INVOLVING BINOMIAL COEFFICIENTS
AND SPECIAL NUMBERS

KUNLE ADEGOKE®, ROBERT FRONTCZAK Y, KAROL GRYSZKA

Abstract. In this paper, we find an elementary approach for double sums
where the inner sum is binomial but incomplete. We apply our core identity
and its relatives to double sums involving famous numbers such as harmonic
numbers, Fibonacci numbers, Stirling numbers and r-Stirling numbers of the
second kind.

1. Motivation

The binomial coefficients are defined, for non-negative integers n and k, by

(”) _ k!(r?ik:)!’ n =k,
k 0, n < k.

More generally, for complex numbers r and s, they are defined by

™\ I(r+1)
s) T+ 1D)I(r—s+1)
where the Gamma function, I'(2), is defined for R(z) > 0 by the integral [20]

I'(z) = / e 2Lt
0

Received: 16.01.2026. Accepted: 14.09.2026.

(2020) Mathematics Subject Classification: 05A10, 11B39, 11B65, 11B73.

Key words and phrases: double sum, binomial coefficient, harmonic number, Fibonacci
number, Stirling number.

© 2026 The Author(s).
This is an Open Access article distributed under the terms of the Creative Commons Attribution License
CC BY (http://creativecommons.org/licenses/by/4.0/).



https://orcid.org/0000-0002-3933-0459
https://orcid.org/0000-0002-9373-5297
https://orcid.org/0000-0002-3258-3330
http://creativecommons.org/licenses/by/4.0/

Kunle Adegoke, Robert Frontczak, Karol Gryszka

Sum identities involving binomial coeflicients are ubiquitous in probability,
combinatorics and number theory. These sums are so prominent that whole
textbooks have been devoted to describing the techniques for their evalua-
tion [14) [15], 23] 29], the most prominent being generating function, contour
integration, the usage of analytical and combinatorial arguments, and the ap-
plication of the Wilf-Zeilberger algorithm. Single sums over a reciprocal of
a binomial coefficient have also been studied extensively. Recent articles deal-
ing with these forms include [II 2 [6] [7, 8, 21, 25, B30], and several others.
One common technique to tackle these forms is to express the binomial coef-
ficient (Z)fl as a Beta integral. Another approach is to apply differentiation
to generalized binomial coefficients.

Double binomial sums have also been studied in the recent past. A gen-
eral telescoping approach for double summation was outlined by Chen et al.
in [II]. Chu [12, 13] studied two prominent double sums in 2017 and 2018,
respectively. Our paper was particularly inspired by the observation that the
incomplete binomial sum

k

(1.1) Z(?)aﬁ, reC, k<n,

=0

has no simple closed form. If we work with the Gaussian hypergeometric
function o F; defined by

2F1((1,b; C; Z) = Z 27
n=0 ’

where (q), is the Pochhammer symbol given by (¢q), = I'(¢ + n)/I'(q), and
a, b, c are complex numbers, then there is the relation [27]

k k+1
n\ ; n
E <j)xJ:x+l<k)2F1(1,n+1;n+1k:;m_lH>.

Jj=0

This relation is useful under some circumstances but it does not allow for an
elementary treatment of sums involving the incomplete binomial sum. In this
paper, we find an elementary approach for double sums where the inner sum is
binomial but incomplete as in . We apply our core identity to double sums
involving a range of famous numbers such as harmonic numbers, Fibonacci
numbers, Stirling numbers and r-Stirling numbers of the second kind.
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2. Preliminaries

This section contains the definitions and basic relations for the quantities
used in the main text.

The Fibonacci numbers F,, and the Lucas numbers L, are defined, for
n € Z, through the recurrence relations

Fo=F,1+F, 2 n>2 Fy=0F =1,
Ly=Lp 1+ Lno2, n>2 Lo =2, Ly =1.

The Binet formulas for these sequences are

n _ AQn
Fo=2 0 [ —aripn, nen,
a—p
with a = HT‘/g being the golden ratio and 8 = —é. For negative subscripts

we have F_,, = (=1)""'F, and L_,, = (—1)"L,,. These famous sequences are
indexed as sequences A000045 and A000032 in the On-Line Encyclopedia of
Integer Sequences [24]. A huge amount of further information about them can
be found in the books by Koshy [17] and Vajda [28], for instance. Also recall
that the Gibonacci sequence has the same recurrence relation as the Fibonacci
sequence but starts with arbitrary initial values, i.e.,

Gr=Grp-1+Gr—2, (k>2),

with Gy and G; arbitrary numbers (usually integers) not both zero. When
Gy = 0 and G; = 1 then G,, = F,,, and when Gy = 2 and GG; = 1 then
G, = L,, respectively. The sequence obeys the generalized Binet formula

G, = Aa™ + BB",

where A = 7G1_%Uﬁ and B = 7(;0“_5&.
a— a—
Harmonic numbers H, and odd harmonic numbers O, are defined for
0 # s € C\ Z~ by the recurrence relations
1 1
Hy=H;, 1+ - and Os:Os—l"_ia
S 25 —1
with Hy = 0 and Oy = 0. One way to generalize this definition is to consider

harmonic numbers Hgm) and odd harmonic numbers Ogm) of order m € C
that are defined by

1

1
H(m) — H(m) d (m) _ (m)
s s—1 + sm an Os Os—l + (28 _ 1)m’
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with Hém) = 0 and O(()m) = 0 so that Hy, = Hél) and Oy = Ogl). The
recurrence relations imply that if s = n is a non-negative integer, then

n n

1 1

j=1 j=1
Harmonic numbers are connected to the digamma function ¢(z) = I'(2)/T'(z)
through the fundamental relation

Hz=¢(2+1)+’77

where v is the Euler-Mascheroni constant.

We conclude this section with a definition of Stirling numbers of the second
kind. For integers n and k the Stirling numbers of the second kind, denoted
by {Z}, are the coeflicients in the expansion

where (2)j is the falling factorial defined by (2)p =1, (2)p, = 2(z —1)--- (2 —
n+ 1) for n > 0. These numbers count the number of ways to partition a set
of n elements into exactly £ nonempty subsets. We will often make use of the

property
{Z’} —0, ifk>n

The exponential generating function of {Z} equals

n|th 1, k
Z{k}n!_k!( -1
n>k

nJrr}

Let r be a positive integer. The r-Stirling numbers of the second kind { kbt

are defined by the exponential generating function

" 1
S{i) e et
sk +r),.n !

We also have

(z47)" = Zn: {””}(z)k, n > 0.

= k+r

Details about these special numbers can be found in Laissaoui and Rah-
mani [I8] and references therein.
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3. The main result

THEOREM 3.1. For all complex numbers x and y with x # 1 we have

(3.1) ixk(i (?) yj> = ﬁ((l +ay)” — 2" (14 ).

k=0 7=0

PRrROOF. We have the following chain of equalities:

k=0  j=0

n k k—1

n . n )

:1+§ ¥ ()yﬂ g <>?ﬂ — " (1 +y)"
k=1 7=0 J 7=0 J

n n
=1+ " <k>yk —a" T (14 y)"
k=1
=(1+ay)" —a" (1 +y)"

When z = 1, both sides equal 0. Assuming « # 1 and dividing by 1 — = we
complete the proof. O

We proceed with two important observations dealing with variations of
our main result. The first variation is based on an equivalent form of the
incomplete binomial sum stated as Identity (1.9) by Gould in his book [14]

k n\ b k—n ; .
> (M= (M ar ey
=\ =\
It now follows that Theorem [3.1] can be restated as follows.

THEOREM 3.2. For all complex numbers x and y we have

" F k—n . . 1
St (X (M e ) = (@ - e )
k=0 =0~ J I-z

The second variation is concerned with the trigonometric versions of The-
orem m Replacing x with e'*,i = y/—1, using that

=g (it (3))
1_eir 2 OV

and comparing the real and imaginary parts we get the trigonometric variants.
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THEOREM 3.3. For all complex numbers x and y such that x ¢ 277 we
have

n

Zcos (kz) Zk: ( ) (Z (Z) y* (cos(kx) — sin(kz) cot(z/2))

7=0 k=0
— (14 y)" (cos((n + 1)z) —sin((n + 1)x) cot(z/2)) ),

and

n

ésm(m)g (j) (Z < ) (sin(kz) + cos(kz) cot(z/2))

=0

— (14 9)" (sin((n + 1)) + cos((n + 1)z) cot(x/2)) ).
Now we state some results that can be drawn from the main result (3.1)).

COROLLARY 3.4. With z and y being complex numbers we have the fol-
lowing identities:

(3:2) ix%i (?) = (a2,
3.3) va’“(fjo (Tf)uv =(1-a),

k=0 5=0
g% (]Z; (Z)IM = (@ a1,

@ 5 (S (o) oo

k=0

PROOF. These are special cases of (3.1). Set y = 1 and y = —1 to get

(13-2) and (3.3)), respectively. Identity (3.4]) is obtained from (3.1)) by taking
the limit * — 1 and using 'Hospital’s rule. The remaining three follow by

setting x = —1, y = 1/x, and x = —1/y in (3.1]), respectively. O
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REMARK 3.1. Identity (3.3]) is seen to be true by noting that
" /n n—1
3.7 —1)7 = (=1)* ,
(3.7) ;(j)m()(k)

which is Equation (5.16) in [I5] or Equation (39) in [27]. This immediately
yields

ixk(i (n) (—1)3') - zn: (n ; 1>(—1)ka:k = (1—2)" ..

k=0 7=0 J k=0

COROLLARY 3.5. With z and y being complex numbers we have the fol-
lowing relations

n k ; n
ny y’ 1 n yk k +1
o (B0 B (e
k=1 =1\ -z \k/ &
or equivalently

S ())- Lt

j=1 k=1

where H,, is the nth harmonic number. In particular,

n

n k
ZZ() =(n+1)) %Jrl—(Hy)”—(nH)Hn.
k=1j=1

k=1

Proor. Divide (3.1) by y and write the result as

Integrate with respect to y from 0 to z and change back the notation to y.
This yields

1— .’E”+1

n n k : n k

k k n\ y’ 1 n\Y" kg1
E x lny+g T E <,>,:1ny + g ()x—x .
k=0 k=1 =1 M/ -z 1_xk:1 k k( :
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This completes the proof of the first identity. The second identity is obtained
from the first by using [3, Prop. 1, Eq. (22)]

~ M\ ¥~ (L+y)”
;<k>k_; R

and some simplifications. The particular case follows by taking the limit x — 1
and using ’Hospital’s rule. ([

Two special double sums evaluations that we want to record are

ii<n>1:(n+l)i2k+l2”(n+l)}[
J)J — k "

k=1j=1

and

]é]l() D

COROLLARY 3.6. With x and y being complexr numbers we have the fol-
lowing identity

o SEEOW) - EE SO ES

k=1 7=0 m=1 k=1 m=1

In particular,

a0 (S () =3 (3

ProOOF. Divide (3.1)) by z and write the result as

k—1 n

+Z$“Z(>y_x(1_x+i<> Sty

k=1

or equivalently

n k n
1 k1 ny\ n\ ,oF 1 "
= — 1 "
_g;+kzlx J,ZO (;)y Z(k>y iyt

k=1

Integrate with respect to z from 0 to z using

n m

A z
/Ol_mdx:—zm—lnﬂ—z, (n>0).

m=1
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After changing back the notation to x this procedure yields

n $k k ‘ n n k—1 m
ln|1—x|—|—zk2( > J=—Z<k>yk<zm+ln|l—x|>
k=1 k=1 =

m=1
n m n k—1 m
n s _ — _ k <
R OIS ) B S (D BE
m=1 k=1 m=1
—ln|1—x|((1—|—y)"—1)—|—(1—|—y)”Z%+1n|1—x|(1+y)”.
m=1

The logarithmic terms cancel out and the proof is completed. The particular
case follows by setting x = 1. ([

We record the evaluations

(3.11) Zn:; < > 2“Hn—]:1 (Z)Hk_l

and

More basic identities can be derived from (3.1)). Mimicking the results
obtained above, we have the following.

COROLLARY 3.7. With x and y being complexr numbers we have the fol-
lowing relation

i <Z (;)yj> = T (At ay)" T = (L)),

=0 j=1

In particular, the following sums hold:

ix%iy(”)) = (@ a)n -2,

=\
éxk(g(—mjj (j)) = —na(l — z)"2,

where in the last one identity it is assumed that n > 2.

PROOF. Apply the operator y - d% to (3.1). Particular cases are y = 1 and
y = —1, respectively. O
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REMARK 3.2. We note that the second particular identity can be obtained
directly via two intermediate steps. First, we used the identity

é(—l)jy‘ (1) = o} 3)

which follows from and j(?) = n(? 1) Second, we have

S (1)t (Z _ f) o el

k=1

It is clear that more identities are possible, as one can use similar substi-
tutions or transformations as in Corollary [3.4]

4. Some consequences — sums involving Fibonacci numbers

We can obtain many new and interesting Fibonacci and also Gibonacci
identities from Theorem For example, we have the following.

PRrROPOSITION 4.1. If m and t are integers such that m # 1, then

j . n n Fm k
ZZ( )< ) Fitjrt—1= Fm—lF(m+1)n+t+1_Z<k><Fv_1) Fopqs

k=0 j=0 k=0
and

/ “/n F k
35N ) o= et 32 () () o
k=0 j=0 k=0

In particular

<n
kO]OJ

(n
kO]O]

5"/2Fn+t, if n is even,

Frtjri—1 = Fapnqiq1 — {5("_1)/2Ln+t, if n s odd,

5"/2Ln+t, if n is even,
5(ntD/2p . if nis odd,

>Lk+j+t—1 = L3ptt+1 — {

and

M-

I
=

n .
<j> (=1 Fipjre—1 = (=) (Fogs = Frr),
J

M- 11-
v

<7;> (=1 Lgjre-1 = (=1)" " (Lnst — Liga).

i
=
<
I
=
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PROOF. Set z = o and & = 3, in turn, in (3.1)) to get

(4.1) > ot Z( )y =a"(1+y)" — (1 +ay)",

k=0 7=0
n k

(4.2) AR (’f‘)yj = B L+ y)" — (1+ By)".
k=0 j=0 J

Now, work with the basic relations
m=aF,+ F,_1 and (™ =pF, + F,_1.

They yield together with y = z—=—a and y = -0, in turn, the following

J Jai
- ) ol = Frﬁﬁla(mﬂ)"ﬂﬂ — at(l + anjIOzQ);

>t () (7
S L ()

The results follow by combining the above sums according to the Binet forms.

—-n m n Fm
) BJ Fm—l/B( +1) +t+1_6t<1_|_F 152>-

The special cases correspond to m = 2 and m = —1, respectively. The Fi-
bonacci sums on the right are elementary. They can be found, for instance,
in [I0] and [20]. O

PROPOSITION 4.2. If m and t are integers such that m # 2, then

n k n n
F,, n\ __
E g (])F o Fokymjter1 = (Fm2> F4n+t+2_k§0 <k> FE o Fon ok

ZZ( > . 2L2k+mg+t+1 (FFn;) Lansiv2— Z( ) L(m+2)k+t-

k=0 5=0

In particular,

n
<j>F2k+j+t+1 = Finyiyo — 2" Fopyy,

3

=

i

[}

. .
= Mw

[}

Il
o

M=

(j) Lopyjtii41 = Lanyiyo — 2" Lopy,

By
Il

0y
and

n k
n o —n n
>N < > (=1)7377 Fop—gjti41 = 37" (Fanyes2 — 2" Fy),

k=0 j=0 \J
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n

> ( )( 1)7379 Log_ajyi11 = 37" (Laner2 — 2" Ly).

k=0 5=0

PROOF. The proof is very similar to the previous proof. Set x = o2 and
x = B2, in turn, in (3.1)). Now, work with the less popular but also obvious
relations

o™ = 042Fm — I'm—2 and Bm = ﬁsz — I'm-2.

We omit the rest as it is clear how to finish the proof. The special cases
correspond to m = 1 and m = —2, respectively. (Il

Working with z = % and z = 8% in (3.1)) and making use of
l1—-a®=-2a and 1-p%=-28
we get the next result without efforts.

PROPOSITION 4.3. If m and t are integers such that m # 2, then

n n

o~ (n j 1/ F, 1
kZ:O]:ZO (j)Fm12F3k+mj+t+1 = § (Fm’nzz> F5n+t+3_§ Z (k‘)F F(m+3)k:+t

k=0
and
1/ F, \" I~/ ._

ZZ( ) m— 2L3k+mj+t+1 ) <Fm 2) L5n+t+3_§ Z(k,)FmﬁzL(er?»)ktha
k=0 j=0 k=0
of which

n k n 1

Z Z ( .>F3k+j+t+1 = §(F5n+t+3 — 3" Fapi4)

k=0 j=0 ™
and

n k n 1

Z Z ( .>L3k+j+t+l = §(L5n+t+3 — 3" Lopit)

=0 j—0 \J

are special cases.

More sums of this nature are possible. We state two additional identities
as showcases:

n k
n — n—
Z(—l)k Z < .>F3j+3k+t = (—=1)"(2" ' Fspqer1 + 22" sy a),
k=0 =0 M
n k

ZZ( 1) < >F3]+3k+t = (=1)"(2" " Fypppqo — 22" sy 1),

k=0 j=0
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We can also derive slightly different but very general results involving four
parameters. First, recall the following.

LEMMA 4.4. The following identities hold:

O[4m + 1= L2m042m7 Oé4m+2 _ 1= L2m+1a2m+1

a4m+2 + 1= F2m+1(042m + a2m+2)7

?

and similar identities hold for .

PRrOOF. The first and the second are direct consequences of the simple
relation

(4.3) (=1)* 4+ a®* = a’L,.

For the third item, use a* = F,a + F,_1 in combination with F, 4+ F,4o =
Lqula FuLu = FQu and FqulLu = F2u+1 + 1 O

The next result is proved in [16].

LEMMA 4.5. For integers r and s we have

n oo 5(n=D/2 L vy, if nis odd and s is odd,
<k’> F25k+7“ -

(4.4) Z 52 F"Fopsrs if n is even and s is odd,
k=0 L"Fopir, if s is even,
and
n 5(ntD/2 Frp v if nis odd and s is odd,
Z <Z> Loskrr = 52 FP Loy r, if n is even and s is odd,
k=0 L} Lgpyr, if s is even.

PROPOSITION 4.6. If u,v and t are integers, then

n k n
n L3 yi2042
Z Z . F(4u+2)k+(4v+2)j+t = _LiF(Qu+2v+2)n—(2u+l)+t
k=0 j=0 Zutl
F3yi1 5™ Flautoutsyntoutites if n is even,
Loyt 5(n=1)/2 L(4u+2v+3)n+2u+1+t) if n is odd,
and

n k n
n I o L2u+2'u+2 I
Z Z . (4u+2)k+(4v+2)j+t = T Lo (2u+2v+2)n—(2u+1)+t
° J 2u+1

n 2 . .

i1 5™ Ligutoutsynt2utites if n is even,
1)/2 PR

Lowy1 |52 Flyutoussntouriee, if nis odd,
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In particular

5n/2 Fy +14t if n is even

F: Nyp = —3"Fy, I ’ ’

Z Z ( > 2(k+j)+t 2n—1+t T {5(71—1)/2 Lansi14e, if nis odd,
k=0 5=0
n k

572 Lypy14t if n is even

L —3" Lo, I ’ ’

kZ:oJ: < > 2t 2o+t F {5(n+1)/2 F3ny14¢, if nis odd,

and

M:

k
Z < >F6(k+j)+t =2"" (— 3%" F32n—1)+

07=0
5n/2 F33n11)+t: if n is even,
5(n—1)/2 Ly@nt1)4t, ifnisodd, )’

i

M=

n n— n
<j>L6(k+j)+t =22 < — 3% Ly(on—1)++

{5"/2 Li(3n+1)+ts if n is even, )

B
Il
=

<
Il
<

5(n+1)/2 F33n41)4¢, if nis odd,

PROOF. Set z = a***2 and y = o *? in (3.1). This gives

ZZ( > duk+4vj+2k+25

k=0 5=0 1

— — a4u+2 ((1 + a4u+4v+4)n _ (a4u+2)n+1(1 + a4v+2)n) )

We now simplify using Lemma [£.4] which gives

ZZ( > duk+4vj+2k+25

k=0 j5=0
n 2v 2u+2\n n 2un+2vn+2n
_ i (@ 4ae™T) oAut2)(n+1) _ Lyuiovts @
Lous1 Q2utl Lous1 2utl
Expressing
n n
n n
(0421) + a2'u+2)n — a2vn § <k> a2k — 2 /‘ (k> a2vn+2k
k=0 k=0

yields the identity

ZZ ( >L2u+1Fk(4u+2)+j(4v+2)+t

k=0 j5=0

F2v+1 Z < > n(du42v+2)+2k+2u+1+t — Lgu+21;+2Fn(2u+2v+2)—2u—1+t-
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The final identity follows since we have

zn: "\ g _ 5" Flasiynts, if n is even,
2\ k An+B+2k = | (n-1)/2 Lasims, ifnis odd,

which is a special case of (4.4). O

ProproSITION 4.7. If u,v and t are integers such that u is even and v is
odd, then

ZZ( ) v(2k+1)42uj+t

k=0 5=0
_ L 1 5" 2 F  Flovuyntts if n is even,
L (2v+u)n+2v+t — L 5(n—1)/2 Fn L(v+u)n+t7 if n is odd,

and

ZZ( ) v(2k+1)+2uj+t

k=0 j=0
L Ly, 1 | 5"2 EP o Liotuyntts if n is even,
Lv (2v+u)n+2v+t — L 5(n+1)/2 Fr F(v+u)n+t) if nis odd.

PROOF Let u be even and v be odd. Then substituting z = o2¥ and

y = a?* into (3.1)), and then using (4.3)), we obtain

- 1
ZZ ( ) v(2k+1)+2uj+t _ E(Lza(2v+u)n+21)+t o Ozt(l + a2(v+u))n).

k=0 5=0

Similarly, with x = 5% and y = 3%

Z Z < )ﬂv(2k+l)+21m+t %(Lzﬁ(?u#»u)n«l»mﬂrt o ﬁt(]. + 52(v+u))n).

k=0 7=0
Upon combining according to the Binet form we end up with

n

Ln IR
ZZ( > vk F2uj+t = T — Flovtuyn+2v+t — LZ( >F2(v+u)k:+t7

k=0 j= Y k=0

- L 1 < /n

Z Z ( ) v(2k+1)+2uj+t — I L(2fu+u)n+2v+t - f Z (k) L2(v+u)k+t.
k=0 j=0 v Y k=0

The final identities follow from Lemma[£.5] using the fact that v+wu is odd. O
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COROLLARY 4.8. The following identities hold:

n k

n 5n/2 if n is even

e _onp . . ns )

kZ:: 2k+1 ;) <j> 2n+2 {5(n—1)/2 L,, ifnisodd,
n k

n 5n/2 T, if n is even

I _ong, . _ ns ’

2_: 2 ) (y) o {5<n+l>/2 F,, ifnis odd,

zn: zk: - an 5n/2 9n Fs,,, if n is even,

> 2 2k+1+4j = Ant2 T 5(n=1/29n [ if s odd,

and

M:

572" La, if n is even,
( >L2k+1+4j =3"Lypy2 — {5 3 e

(n+1)/29n pp - if nis odd.
k=0 5=0

PROPOSITION 4.9. The following identities hold:

k=07

n k
Z ( >2k G+t 2n+1L2n+t - L3n+t’

k=0 5=0

ZZ( 1)’ <)2 Fojr = (=1)" (2" ' Fopt — Fange),

k‘O]U

ZZ ( >2 Lojre = (=1)" (2" Lyvyt — Lanta)-

k=0 j=0

< >2 Fiye=2""" Py — Fapy,
0

PROOF. Apply (B.1) with x = 2 and y = a (y = —a?, respectively) and
use 1 +2a = o (1 — 2a? = —a?, respectively). Then, in turn, do the same
for 8 and combine using the Binet form. O

We can make things a bit more general Combining (4.1) and ( ., we
have the identity stated in Lemma [£.10] Throughout the remalnder of this
section, we assume that n > r + s.

LEMMA 4.10. If n, r and s are non-negative integers, t is an integer and
x and y are complex numbers, then

Z Gt Z (n e ) P = G (- y)" T

=r j—?”

(4‘5) — (Aa”’"“ (x + ay)nfrfs + Bﬁt+r+1 ($ + 63/)1177«—3) '
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ProrosiTION 4.11. If n, r and s are non-negative integers and m and t
are integers, then

n—r—s r
ZGk-Hz ( i )Fm+1 an
(4'6> = (_1)m(n )= 7n—HGt-&-r-&-1—m(n—r—s) + (_1)TF7;LL:§_S n+t+2-

In particular,

(4.7 Z( D (") s = (" Grrara

and

ZGkHZ(

) = _Gt+7"+1+2(n—7"—s) + 2n—r—an+t+2.
j=r

j—T

PROOF. Set = F),,+1 and y = —F), in (4.5) and use
Foiw1—Fpa=6" and F,p1 — FpB8=a™

The particular cases are evaluations of (4.6) at m = 1 and m = —2, respec-
tively. Note that, in obtaining (4.7)), we used

S ()

which is a consequence of the binomial theorem and of which (3.7)) is a par-
ticular case. |

LEMMA 4.12. Ifn, r and s are non-negative integers, t is an integer and
x and y are complex numbers, then

n—r— i i —r—
ZG2k+tZ< i )xn T T = Gongegr (2 y)" T
j=r

(4.8) — (A2 (2 4 aPy)" 0 4 BETY T (o 4 BPy)" )

PROPOSITION 4.13. If n, r and s are non-negative integers and m and t
are integers, then

ZG2k+tZ ) (n_r S>Fm+2 F?’Jnr

]

= (_1)m(n " S)—Hn_th«I»erlfm(nfrfs) + (_1)TG2n+t+1ijrg S-
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In particular,

Z(—Dk (n ;i; S) Gokst = (—1)"*Gron—st1-

PROOF. Set . = F,,12 and y = —F,, in (4.8) and use

Frgo — Fpa? =" and F,io— Fp,B=a™. O

ProrosiTION 4.14. If n, r and s are non-negative integers and t is an
integer, then

n k
n—r—=:s n—r—s
> Gorss Z ( j—r ) =2 Ganttia
k=0 j=r
2 G s, if n+r+sis even,
5n=r=s=1)/2 (G v o+ Grpngrs—2), ifn+r+sis odd.

PROOF. Set x =1 =1y in (4.8). O

Setting 2 = o® and x = 3, in turn, in (3.1) and combining according to
the Binet formula gives the identity stated in Lemma [£.15]

LEMMA 4.15. Ifn, r and s are non-negative integers, t is an integer and
x and y are complex numbers, then

n k

n—r—58\ i s ip 1 n—r—s
E G3k+t§ ( )wn I75y =§G3n+t+2($+y)
k=0

=N dT
1

(4.9) "5'CALW+3T*1($‘+-QSQ)”*T*S—%136t+3T*1(m4+-ﬂ3y)”*T*8).

PROPOSITION 4.16. If n, r and s are non-negative integers and m and t
are integers, then

n k

(M =T =58\ i s in
E G3k+t§ (—1)J< )Fm+J3 Fy
k=0 r

i= ST

_ (_1)m(n—r—s)—r+1 2n_T_s_1Gt+3r—1—m(n—r—s)

+ (_1)T2n_r_s_1F:1__¢_q_sG3n+t+2-

In particular,
n

Z G3rtt

k
n _
( ) = on 1 (G3n+t+2 — G2n+t71) s
k=0 Jj=0 J
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- n—r—s
Z(—l)k( . >G3k+t = (=1)" 2" " Gy gargn—ss
k=r

and

Z G3k+t Z ( T S) = 2n—r—s—1 (G3n+t+2 - Gt+2(n—s)+r—1) .

=r j—?"

PROOF. Set © = F,,13 and y = —F,, in (4.9) and use
Fris— Fpa® =28 and Fyi3— F,p° = 2a™. O

PROPOSITION 4.17. If n, r and s are non-negative integers and t is an
integer, then

Z Gkt Z < j—r > =2"713"7T Glapgago

=7

_gr-1 5(n_r_s)/2 Gi43(n—s)—1 if n+r+ s is even,
5(n_r_s_1)/2 (Gt+3(n—s) + Gt+3(n—s)—2) s an + 7+ s is odd.

PRrROOF. Use z =1 and y = 2 in (4.9)) and use the fact that

1+2a%=a’V5 and 1+28° =—p33V5. O

4.1. Results for m-step numbers
Recall that Fibonacci m-step numbers F,Sm) are defined via recurrence
Fm = pm 4o g

with initial values Fl(m) = 1 and Fj(m) =0for j = —-m+2,...,0. We let

T, = Ff(Lg) and Q,, = F,(L4) denote the Tribonacci and the Tetranacci numbers.
Similarly, we define the Lucas m-step numbers L( ) via the same recurrence,
but with different initial values L(() ) = m, L(m) 1 and L( ) =0 for j =

—m + 2,...,—1. Both sequences admit Binet-type formulas if (with slight
abuse of notation) «aq, ..., a,, are the roots of the characteristic equation
(4.10) g™ =™ 41,
then

n n+1

1 Hj;ék(ak —aj)
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LEMMA 4.18. Fiz m > 2. If X denotes any root of the characteristic equa-
tion (4.10)), then A™T1 +1 =2\ and 1 — XL =2\ (1 — )).

PROOF. Simple use of the characteristic equation. O

With the lemma in mind, we can formulate several simple consequences.
COROLLARY 4.19. The following identities hold:
n k
Y\ L (m) . on—1p(m) n pp(m)
2.2 <j>F(m+1)j+t =2 by 2

k=0 j=0
and

n k
L (m) _ n—17(m) n g (m)
Z Z (j)L(m-i-l)j—H‘, =n2 Lm(n—1)+t +2 Lmn+t'
k=0 j=0

PROOF. Set y = A™*! in (3.4)). This gives, with help of Lemma

n k
Z (n> )\(m—i-l)j _ n2n—1)\m(n—1) 4 on MmN,
=0 j=0 \J
Multiply by A! and use the Binet formula. O

In a similar fashion, we have the next result.

COROLLARY 4.20. The following identities hold:

n k n
k(T p(m) _12 k(T a(m) n (m)
E E (-1) (~>F(m+1)j+t_2< (=1) <k>F(m+1)k+t+(_2) an+t>’
k=0

k=0 j=0 J
o Y 7 (m) VAN Y (m) (m)

k m _ k m ny(m
S50 () o= 5 (o0 (3 B + (-2,
k=0 j=0 k=0

PROOF. Set y = —A\"T! and proceed as in the previous result. O

We note particular cases of the results (set m =3 and m = 4):

n k
n — n
Z Z <j>T4j+t =n2" Ty 1)t + 2" T4t

n n— n
(j) Qsjrt = 12" Quen-1)11 + 2" Qunte,
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kz::zk:(—l)k <Z~L>T4j+t: ;(g:o( 1)k < >T4k+t—|-( 2)" T3n+t>

éi;(_l) ( >Q5J+t ;(;:O(—l)k <Z> Qsktt + (—Q)nQ4n+t>-

5. Consequences — identities with harmonic numbers

We employ the technique described in [2] to change the polynomial identity
into an identity with harmonic numbers.

PROPOSITION 5.1. Let r,s € C\ Z~ be such that s #0 andr —s ¢ Z~.
Then the following identities hold:

51) > Y (~1) I :
o) k:Oj:O( (j+5)(§ig) (n+:_1) (anrT)
QLTI ) L e ()
5.2 —1 — Z(—=1)"
00 22 VG w2 R G i)

Furthermore, we also have

n k
‘Hr—s - H; T Hn— r—s = ddn—1+4r
o £ (ot 2 B

im0 5=0 N G+9)0Gi) ¢ (")
Hn+r—s - Hn—i—r
s(7)
n k
n H. ,—H, H, ., s—H
(54) ()(_1>k 7‘ s '.]:*’I‘ _ n+r sn - n—+r
kzzojz:% J (G +5)(j50) 25("7)
1 Hk+7")
3t z—% k+s)(’£i§) |

PROOF. First, we prove . Replace y with —y in (3.4) and multiply the
result by (1 —y)"y*~1. Now, 1ntegrate from 0 to 1 with respect to y to obtain

/ 1 ; (i ()= )ay

1 1
— n/ (1 _ y)n—1+rys—1dy + / (1 o y)””ys_ldy.
0 0
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We now use the following representation of the Beta integral:

1
1
(1 —2)"dr = —————v,
/o (w+ (1)

which is valid for #(u) > —1 and R(v) > —1. This gives, after substitution
r — r—s, the sum (5.1). To obtain (5.3)), differentiate the former with respect
to r.

For and (5.4) we use and the following evaluation:

/ (1—2) e (1 +2)"de = Z <Z> /01(1 )ty

k=0
RO )
2 Gy

COROLLARY 5.2. The following identities hold:

b j (?) n—+2
ZZ(_D jﬁzn—i—l

k=0 5=0
and
n k
Sy 1
== j+1 n  (n+1)
PROOF. Set r = s=1in (5.1) and (5.3). O

COROLLARY 5.3. The following identities hold:

e ) T+ (=DmEntt )
ZZ J+1 2n +2

and

o 1 (—2)n (aa |
k Jt+l — el
ZZ() j+1 2(77J—|—1)2+77,—1—1(HnJrl ;kﬂk '

k=0 75=0

PROOF. Set r=s=11in 1) and (5.4). Use the standard sum
Coonth
Z k + 1~ n +1

and the identity

(5.5) i <Z> Hy=2" (Hn . i %)
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(see 5, M]) in conjunction with

() Hier 1 S n+1
2 k+1 _n—l—lkZ:(J( k )Hk H

k=0

REMARK 5.1. Identity (3.11)) can be simplified via (5.5) to the unusual
identity

More identities with harmonic numbers are possible. For instance, we can
start directly with (3.1) and perform computation similar to the one in the
opening of this section. This can lead to the following.

PRrROPOSITION 5.4. For any complex y and any admissible r, s we have

TL
(5) - () (1+y)"
56 r r yki n-+r
D e e ket
and
(HT s HkJrr) j
ZZ k k+r Y
k=0 j=0 +S)(k+s)

i n Hyo1os = Hipr1) _ (1+y)"(Hr—s—1 — Hnyr)
= k(LY (n+s+D(50)

PROOF. Start with (3.1)) by expanding the right-hand side:
n k n n+1
& ny ;i _ 1 n\ kg = 1 n
N (Vi

Multiply that by (1 — 2)"2°~! and use the Beta integral formula. O

COROLLARY 5.5. The following identities hold:

kzz()jgo(k"‘l)(kmy T yln+1)  n+2

and

n k n
J(Hiyo — 1) H 1 "H,
(57) Z +2 ) _j (k k+1 _( +y> +2
=0j=

k:+1 [ M~ A n+2
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and in particular

Hk+2 1) ontl (aE M H, o
>y b Ho = 3 ) - Dt
Yk+2) n+1 J:2k n+2

k=0 j=0 k=1

PrROOF. Set » = 2 and s = 1 in Proposition [5.4, The particular case
isy=1. O

Finally, we note that Proposition [5.4] can be used to generate a variety of
identities with Fibonacci numbers as well. Below, we showcase some of the
numerous possibilities.

COROLLARY 5.6. The following identities hold:

Five & (o) Frve B Fontt
ZZ k+s)(k+r) 72 (k:+s)(k+r_1) (n+s+1)(,157)°

i=05=0 ( k+s) k=0 kts netst1
Z Z D) Fsjtt _ i (W) Fsrre 2" Fon e
i=05=0 ( k + s)( kM) — (k+ 5)(16;-:1) (n+s+1)(50)
") Faujre = (D) Fuure Ly Foun+t
kZOJZU k+s)() kZO (k+)(1) s+ (1)

ZZ " (Hpqo — 1) Fjpy B z”: () Hi+1Fert  FongiHngo
LTk D)(k+2) 4 kel n+2

PROOF. Set, in turn, y = o, y = o, y = a* in (5.6) and y = o in (5.7))
(and similar substitutions with /). O

6. Double sums evaluating to harmonic numbers

LEMMA 6.1. If r is a complex number that is not a negative integer, then

(6.1) /Olﬂln(l—:c)dx:—f:ri,
1 . 1
(6.2) /0 (1—2z)'In(l —xz)de = 7(1 T

1 H2 + H(Q)
/ 2"In? (1 — z)do = —H L
0 r—+1

2

/0 (1—2)" In (1—m)dx:m7
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H3,, +3H, H?, + 215{;?+1
r+1

1
/ 2" In® (1 —z)de = —
0

and

6
(14"

/1(1—x)r1n3(1—x)d;c:—
0

PROOF. These identities, some of which are well-known, are readily ob-
tained by the repeated differentiation of the Beta function,

1
1
(6.3) / " (1—x)vdxzv—, Ru > -1, Ro > —1,
0 (u$+T1) (v + 1)
with respect to the parameters u and v. O

PROPOSITION 6.2. If n is a non-negative integer, then

n k
(64) ZZ . : = H,,

and

. (n 1oy
Y 1 @ 4 9fg®
(6.5) > 0;0(”+3—k+1) f6(Hn+3Han +2H{).

PROOF. These results follow from multiplying both sides of (3.6]) by In" (1
x), r=0,1,2,3 and termwise integrating from 0 to 1, using Lemma O

REMARK 6.1. Identity (6.4) can be taken as a double-sum definition of
harmonic numbers.

REMARK 6.2. There is a dual identity to each of identities (6.4])—(6.5]). We
leave their calculation to the reader.

LEMMA 6.3. If r is a complex number that is not a negative integer, then

1 H(2)
(6.6) / 2" (Lig(z) + Inzln(l — z)) doe = ——
0 r -+ 1
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and

(6.7) /0 (1— )" (Lis(2) + Inan(l — 2)) de =

PRrOOF. The following integrals are known (see [4]):

1 2

H,
/ x" Lig(x) dx = u - +127
0 6(r+1) (r+1)

1 2 H(2)
T
1 —z)" Lig(z) da = — il
/0 ( JL’) 12(1’) T 6(T+1) 7'—1—17

and
1 2 H®
T r 1 HT+1
' Inzln(l—z) de=— + Ly ,
/0 ( ) 6(r+1) r+1  (r4+1)°
and hence and (6.7)). O

PROPOSITION 6.4. If n is a non-negative integer, then

ZZ (1) (.?an+j—I;+1 _ HT(LQ)

== (n+j—k+1)

and
(—1) ( ) 272

n+j—k+1
ZZ n+]—k:+j1 = .

k=0 5=0

PROOF. Multiply both sides of (3.6]) by (Liz2(y) + InyIn(1 — y)) and termwise
integrate from 0 to 1 using and (6.7)). O

LEMMA 6.5. If r is a non-negative integer, then
1— 2r+1 2r+1

(6.8) /0 (L) (1) o = o+

and

(6.9) /ler In(1+2) de =

r+1

1 H’r+1 — H(T+1)/2, Zf’f' 18 Odd,
Hyp1—20¢42)2 +2In2, ifr is even.

PrROOF. Identity is obvious. A simple change of variable in (6.1)) gives

1 H,.\ —H,
/ 2'In(1+2x)de = = (+1)/2, reC\Z",
0 r+1

of which is a special case, since
Hk+1/2:20k+1—21n2. [l
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ProPOSITION 6.6. If n is a non-negative integer, then

( )n27 k
6.10 O
(6.10) kZO]ZO EETET A [n/2]
and
1)3( )nQJ k 0, if n is even,
(6.11) ;”ZO n+j—k+1 27", ifn is odd.

PrROOF. Write (3.6) as
ZZ( 1 < ) )n-l-j—k:(_l)n—lxn—l

k=0 j=0

and termwise integrate both sides from 0 to 1, using Lemma [6.5] to obtain

n k n 1 — onti— k+1 n 2n+j—k:+1
©3 v (); w33 o0 ()

2+
n+j—k+1)

=07= k=0 j=0
(=1)" " | Hy — Hy, o, if n is even,
N n Hy, —20(,41)/2 +21In2, if n is odd,

which upon equating the rational and irrational parts and simplifying
gives (6.10]) and (6.11)). O

PROPOSITION 6.7. If n is a non-negative integer, then

—17(5)n 201 On
(6.12) ZZ AT 2 @l

k=0 j= o (2(n+j— n

PROOF. Set (3.6 up as

(6.13) ZZ 1)7< > /01 Y2 IR In oy dy = /01 (1 — y2)n_1 Inydy.

k=0 5=0

Upon differentiating ([6.3]) with respect to the parameter u, making a change
of variable z = y? and using Hy 12 — H_1/2 = 20, it is not difficult to

establish
1 2n—1
/ dy (1—y2) lny:—i—Qn
0

no ()

while the integral on the left side of (6.13]) is evaluated using (6.2)). O
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REMARK 6.3. Identity (6.10) or (6.12)) can be taken as a double-sum def-

inition of odd harmonic numbers.

REMARK 6.4. The reader is invited to obtain the dual identity to (6.12).

7. Double sum identities involving Stirling numbers and »r-Stirling
numbers of the second kind

LEMMA 7.1. If k, r and v are non-negative integers, then

k

W (lzz)p - (—1)’%!{]’;},
- f:(—l)f’ (ﬁ) (v+p) = (—l)kk!{]’; j: z}v

d’r‘

1—¢%)F
T (1—¢%)

d'f‘
(1-— e””)k e’*

()

PROOF. Since

(1—e®)revs = zk:(_l)p <k>€(v+p)m’

p=0 P
we have
ar b k
o k vx) _ _ T _(v+p)x
i (=) = ar (F) gy e
p=0
and hence ([7.1]). O

PROPOSITION 7.2. If m, n, r, and s are non-negative integers, then

(72) é(_mké(?){nﬂmﬁws}s(””_’“J”’)!

:(_1)nr!{m+n+s—l} .
n+s—1

r+n+s—1
In particular,

(7.3) > _(-1)F

k=0 J

io (?) {n +1?— k;} (n+j—k!=ED)"(n-1".
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PrOOF. Write (3.6) as

Y () /(M) =y = et

k=0 j5=0

write exp z for y, differentiate m times with respect to « and apply Lemmal[7.1]
Identity (7.3]) is obtained by setting » = 0 = s in ([7.2]) and using the fact that

{m—i—n} _ 0
n n

PropoOSITION 7.3. Ifm, r, s, u, and v are non-negative integers, then

S crera{ TE L i(—l)f*“(?.){.m” b

k=1 =1 7 Ututvl,
. (") m+v jan m+s—1
=> (-1 —1)ktT !
k:l( )" k (k+u)! k4+u+v (D" (k1) k+r+s—1J),,
—@JWM*%H+T+1ﬂYn+S_1} >.
n+r+s),_4

In particular,

> w{:::f}i S OAE

k=1 1=

LD orel)-creenl,2 ).

with the special value

S5O0 - S0

k=

PRrOOF. Use (3.8)) and proceed as in the proof of Proposition ([l
PRrROPOSITION 7.4. If m, r, s, u, and v are non-negative integers, then

ST s O o

k=1 s i=o \J

m+n-+v N (=DF [ m+s
= ! |
w{u+n+v} E: k k+r+ss%+r»

nt+v k=1
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1

SO g S e

Jj=1

ProOOF. Use (3.9) and proceed as in the proof of Proposition [l

In particular,

> }M' HOINA R
f

ol m+n 1)k m
lu+n "k—l k+r

kE+4r)!

-3 <z>{215}<k+u>'i< 2L o

and
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PROPOSITION 7.5. If m, n, r, and s are non-negative integers, then
L LA )+ s m+r m+4+r+n
3> 31 6)[ QI PN i VRN L

— \J S Jts+r), s+r+nj,. .,

k=1 j
n\ (k+s m—+r
K'Hi_ .
() Nt e

In particular,

with the special result
" 1A /) (n " /n\ (n
DY (a) {j}]! =) (k) {k}k!H“'
k=1 7=0 k=1

ProoF. Use (3.10) and proceed as in the proof of Proposition O

REMARK 7.1. Obviously, many more identities involving Stirling numbers
and r-Stirling numbers of the second kind can be derived from the various
identities established above.

8. Concluding comments

In this paper, we have presented a completely elementary approach to bi-
nomial double sums with an incomplete inner sum. To highlight the broad
applicability of the main results, we have stated a range of new double sum
identities involving prominent sequences of numbers. It should not come as a
surprise that the main identity and its derivatives can also be used to formulate
identities involving polynomials, and even the Horadam sequence which con-
tains many polynomial sequences as special cases (see the survey paper [19];
see also [22, Chapter 1] for the properties of the Lucas sequence). Recall that
the Horadam sequence, (w;);jez = (w;(wo,w1;p,q)) is defined for all integers
and arbitrary complex numbers wg, wi, p # 0 and g # 0, by the recurrence
relation

Wi =pwj—1 —qwi—2, J =2,

with w_; = (pw_j+1 —w_j42) /q. Associated with (w;) are the Lucas se-
quences of the first kind, u;(p,q) = w;(0,1;p,q), and of the second kind,
v;j(p,q) = w;(2,p;p,q). Our ideas can be applied to w; as well and this is
showcased in the final two propositions.
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ProrosiTION 8.1. If n is a non-negative integer and m, r and t are inte-
gers, then

n k .
n\ (n+j5—k s
g E (_1)] (]) ( r )1}7]; ]wt+m(n+jfkfr)
k=0 j=0

= <_1)Tqm(niqail)vmwt—m(n—r—l) .

PROPOSITION 8.2. Ifn is a non-negative integer and m, r and t are inte-
gers, then

n k
fn—r .
Z Z(_l)] (j _ 74)“21 T W (j—r)

k=0 j=0

= (_1)1" <(n - T)Umqm(n_r_l)wt—m(n—r—l) + qm(n_r)wt—m(n—r)> .

As another new field of application we will study the consequences of our
main results to binomial transform pairs. The results of this study will be
presented in an upcoming article.
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