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Abstract: In this paper, we provide a first systematic treatment of binomial sum relations involving
(generalized) Fibonacci and Lucas numbers. The paper introduces various classes of relations
involving (generalized) Fibonacci and Lucas numbers and different kinds of binomial coefficients.
We also present some novel relations between sums with two and three binomial coefficients. In
the course of exploration, we rediscover a few isolated results existing in the literature, commonly
presented as problem proposals.
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1. Introduction and Motivation

The literature on Fibonacci numbers is immensely rich. There exist dozens of articles
and problem proposals dealing with binomial sums involving these sequences as (weighted)
summands. We attempt to give a short survey, not claiming completeness. The following
binomial sums have been studied (X, stands for a (weighted) Fibonacci or Lucas number,
alternating or non-alternating, or a product of them):

e Standard form and variants of it [1-9]
n n>
) Xi;
LG
e  Forms coming from the Waring formula and studied by Gould [10,11], for instance,
n—1
n (n—k
X .
k/; n—k < k ) k
e Forms introduced by Filipponi [12]

n — —
2 <2n k 1) X,
k=0 k

¢  Forms introduced by Jennings [13]

" n+k _
Z( 2k )X"’
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¢  Forms introduced by Kilic and Ionascu [14]
L 2
Y < ! ) Xk
= \n+k
*  Forms studied recently by Bai, Chu and Guo [15]
2l v on ) 2L o 42
Z Xk and Z ( ) Xk;
= (n —2k = \n—2k
¢  Forms studied by the authors in the recent paper [16]
[n/2]
£ (5)e
k=0 2

¢ Forms studied by the authors in the recent paper [17]

" n (n+k "k (n+k
kX;‘)n—Fk(n—k)Xk and Z“n+k(n—k>Xk'

k=0
We note that
"o n+k "oon n+k nook n—+k
X = —_— X —_— Xy.
kZ;’)< Zk) k ];)H—Fk(i’l—k) k+kX;’)n+k<n—k> k

These sums can also be extended to Fibonacci and Lucas polynomials which possess
important applications, among others, in cryptography [18] and in numerical analysis [19].

Let (Wj(a,b;p,q))j>0 be the Horadam sequence [20] defined for all non-negative
integers j by the recurrence

WO =4da, W] = b,‘ W] = pW]'_l — qu—Zr ] Z 2, (1)

where 4, b, p and g are arbitrary complex numbers, with p # 0 and g # 0. An extension of
the definition of (W;) to negative subscripts is provided by writing the recurrence relation
asW_j = L(pPW_j41 — W_j12).

Two important cases of (W;) are the Lucas sequences of the first kind, (U;(p,q)) =
(W;(0,1;p,q)), and of the second kind, (V;(p,q)) = (W;(2,p; p,q)), so that

Up=0, U =1, u] = pujfl - qu]‘*ZI ] 22
and
VWw=2 Vi=p, Vi=pVii—qVji, j=2.

The most well-known Lucas sequences are the Fibonacci sequence (F;) = (U;(1,—1)) and
the sequence of Lucas numbers (L;) = (V;(1, —1)).

The Binet formulas for sequences (U;), (V;) and (W;) in the non-degenerate case,
p? —4q > 0, are

o — gl . . . .
Uj: A V]‘:T]-f—U'], Wj:AT]+BU'], (2)
with A = \/p? —4q, A = "% and B = T2, where T = 7(p,q) = # ando =0(p,q) =

% are the distinct zeros of the characteristic polynomial x> — px + q of the Horadam

sequence (1).
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The Binet formulas for the Fibonacci and Lucas numbers are

p._"‘]_ﬁ] Li=o+p ©)
] ﬁ ’ 7 ’
where a = 7(1,—1) = (14 1/5)/2 is the golden ratio and 8 = ¢(1, —1) = —1/a.

The sequences (Fy ), >0 and (L, ), >0 are indexed in the On-Line Encyclopedia of Integer
Sequences [21] as entries A000045 and A000032, respectively. For more information on
them, we recommend the books by Koshy [22] and Vajda [23], among others.

In this paper, we provide a first systematic treatment of binomial sum relations in-
volving (generalized) Fibonacci and Lucas numbers. It is motivated by some isolated
results we found in the literature, published as problem proposals by Leonard Carlitz. We
cover various classes of relations involving (generalized) Fibonacci and Lucas numbers
and different kinds of binomial coefficients. We also present some novel relations between
sums with two and three binomial coefficients.

We will make use of the following known results.

Lemma 1. Ifa, b, c and d are rational numbers and A is an irrational number, then
a+bA=c+dA < a=c¢c b=d.
The next three lemmas can be obtained from Binet’s formulas (2).

Lemma 2. For any integer s,

qs + TZS — TSVS, qs . T2S _ fATsUS, (4)
7+ 0% =V, 7 — 0% = Ac*U. ()
In particular,
(=1)° +a% =a°Ls,  (—1)°—a® = —V/54°F,, (6)
(1) +p%=pLs, (-1 —p* = V5p°F. @)
Lemma 3. Let r and d be any integers. Then
Vs — = —Ac°lU,, 8)
Vigs —0'Vs = AT°U, )
Ups —T'Us = o°Uy, (10)
Ur+s - UrUS == ’L'Sur. (11)
In particular, [5],
Lrys — Lya® = _\/g,BrFSr Lyts — Lrﬁs = \f50‘rF5r (12)
Fys — Fa® = B'F;, Fis — EB° =da'F. (13)
Lemma 4. For any integer j,
. o Wi —gW,_
Al — Bol — JHTM (14)
Acl + BT = gW_;. (15)

2. Relations from a Classical Polynomial Identity

The first binomial sum relations follow from the next classical polynomial identity,

which we state in the next lemma.
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Lemma 5 ([24]). If x is a complex variable and m and n are non-negative integers, then
1 m-—n-+ k —k._ k 1 (m =+ 1) k
1+x)" " X" = x5, x££ -1 16
(" v £ () + a6)

According to Gould [24], identity (16) is due to Laplace. In addition, we note that the
binomial theorem is a special case of (16), which occurs at m = n — 1.

Using
—n fn+k—1
= (-1
(¥) = (i)
and replacing m by m — 1, we have the equivalent and useful form of Lemma 5:
Sk (o n—kok _ 3o (M) ok
Y (-1 . (T+x)" " % =)" )X x # 1.
k=0 k=0
Theorem 1. If r, s and t are any integers and m and n are non-negative integers, then
Lo(m—n+k & k(m+1
Z ( k ) ur+s un kWt+r(n k) = Z (7q5)n k ( k ) ur+sun kWt s(n—k)-
k=0 k=0
Proof. Set x = —U,1s/(U,0%) in (16), use (11), and multiply through by !, obtaining
L (m—n+k _ _ a k(m+1 _ k)
Z < h )ur+su;1 kTr(n k)+t (_1)15 Z(_l)n k( L )ur+suf ko_s(n k)—t
k=0 k=0

Similarly, setting x = —U,+s/(U,7°) in (16), using (10), and multiplying through by ¢!

yields
"o m—n+k n o Im41
Z( k )ur+sun k V(Vl k) (_1)1’2(_1)1’1 k( ‘ )ur+sun k s(n k)
k=0 k=0

The results follow by combining these identities according to the Binet formulas (2) and
Lemma4. [

In particular,

" m—n+k _ < _k(m+1 —
Z < k >ur—i-su;Z er(n—k)+t = qt Z<_1)n k( k >U,,+SU;,1 sz(n—k)—t
k=0

" /m—n+k _ m+1
Z( k >uf+su" Urtu—ky+t =1 E " Hl( k )u“su" Usint-s
k=0

with the special cases

—n+k m—+1 _
Z( >Ffl{+spn L r(n—k)+t — 2( 1n k( k )Frk-i-spffl kLs(nfk)ftf (17)
k=0
L —n+k _ _ _p(m+1 _
> (" thhwmﬁz<w12<mk(k)mﬂmmmw. (18)
k=0 k=0

Corollary 1. If r, s and t are any integers and n is a non-negative integer, then

< syn—k (11 + 1 n—k n—k
2(_‘7 ) k ur+su Wi s(n—k) 2 ur-l—su Wt+r(n k)-
k=0

Proof. Set m = nin Theorem 1. [
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In particular,
- n—k (MH1\ ek LRI —"
Z(—l) k Uy sUy Vs(n—k)—t = ? Z Uy sUs Vr(n—k)+t,
k=0 k=0
u (n+1 _ 1 & _
Z(_l)n k( k >u7]‘(+su;l kus(n—k)—t = _? Z uf+su;ﬂ kur(n—k)—I—t;
k=0 k=0
with
n B n + 1 B n B
Z(_l)n k< k )Frk-i-sprn kLs(n—k)—t = (_l)t Z Frk-&-SFg kLr(n—k)-‘rtr
k=0 k=0
1 e f(n+1 _ e _
Z(_l)n k< k )Frk+spi21 sz(n—k)—t - <_1)t ! Z Ff—&-ng kPr(n—k)+t'
k=0 k=0
Corollary 2. Ifr, s and t are any integers and n is a non-negative integer, then
< syn—k (1 k n—k n
Z(_q ) (k) Uy Uy Wt—s(n—k) = Ugs Wrirn-
k=0
Proof. Setm = n — 1in Theorem 1. [
In particular,
L _x(n _ urv, +t
Z(_l)n k<k> LI£(+SU"? sz(nfk)ft = %r
k=0 q
L (N _ uru +t
Z(il)n k<k> uil'(Jrsu;}:l kus(nfk)ft = *%}
k=0 q
with the special cases
= (n krk k t
2 (k) (_1)11— Pr-l—sFrn_ Ls(nfk)ft = (_1) F:Lrn-&-t/ (19)
k=0
= (n krk k t+1
Z (k) (=" Fr+sPrn_ Fs(nfk)ft =(-1) * F'Frnt. (20)
k=0

We mention that identities (19) and (20) exhibit strong similarities to those derived by
Hoggatt, Phillips and Leonard in [25].

Corollary 3. If m and n are non-negative integers and r is any integer, then
& m—n-+k Z m—+1\_
3 (" Wz = (M v
k=0 k=0
Proof. Make the substitutions r — 2, s — —r and t — —rn in Theorem 1 and simplify. O

In particular,

w m—n-+k 6 m+1 _
- (" W = (M)

k=0 k=0
1 m—n+k ! m+1 _
3 (" g = L0 (M v
k=0 k=0

with the special cases
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" m—n-+k " m+1\
Z<_1)k(7+1)( k ) r(n—2k) Z < )L? ker/

k=0 -

& m—n-+k & m+1\ ,_
(- (M )Fr(n_m:Z(—l)k“( )
k=0 k=0

By making appropriate substitutions in Theorem 1, many new sum relations can be
established. For example, settingr =1,s = =2, andt =1(orr = —1,s =2and t = —1)
in (17) gives

& m—n+k X m+1

S0 (" e = R0 (") B
k=0

which at m = 2n gives

n k n
(" e = B (i @y

k=0

The corresponding Fibonacci sums from (18) are of exactly the same structure

304 (" e = L0 () B

= k=0
with the special case
" n+k ! 2n+1
304" T )R = RO (T B @
k=0 k=0

Another example is the relation

ké(—mk(m—:w)LMk— i(_l) (ml—:l)zn KL

k=0

which at m = 2n gives

S (" = D ()2 @)

k=0

and its Fibonacci counterparts:

Y0 (" = e (M e

k=0 k=1

n n—+k 1 L (2n+1 B
e Frg= Y (—1) )z" Fy.
k=0 k k=1 k

Theorem 2. If m and n are non-negative integers and r, s are any integers, then

n m—n4+k B L m—+1 _
3 (g (" e W e = Y (M
k=0 k=0

Proof. Set x = —U,0° /U, in (16), use (11), and multiply through by T, obtaining

n m—n-+k B _ 1 m+1 _ _
Z (_1)k < L )qsku}l’cu;z kprn (r+s)k+t _ qt Z (_1)k < L ) uicuf+sk0.sk t
k=0 k=0
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Similarly, setting x = —U, 7%/ Uy in (16), using (13), and multiplying through by ¢ yields
n o n
Z (_1)k <m ;: + k) qskuicu:—kgrn—(r-&-s)k-&-t _ qt Z (_1)k (m k+ 1) ufuf;SkTSk_t.
k=0 k=0
Now, the result follows immediately upon combining according to the Binet formulas (2). O

In particular,

é m—n+k _ w m+1 _
G (" g = S0 (Tt @)

k=0
n m_n+k m—|—1 _
Z<—qs>"( p )ukU” U rpirt = =1 Z ( )LIi‘ULLJ‘uskt; (25)
k=0

with the special cases
n

m—n-+k _ ) (m+1 -
1)< k )Fstn kLrn—(r+s)k+t:2(_1)k(s 1)< k >F7Fr+s Lt sk,

>
k=0 k=0
n n/m—n+k _ 1 _ +1
3 (00 (" R e = G0 (M) B
- k=0

Corollary 4. If n is a non-negative integer and r and s are any integers, then

- k(1LY ek 1 syk pky pi—k
Z(_l) u; ur+s Vsk—t = ey Z(_q ) Uy Us Vrn—(r—&-s)k—&-t/

k=0 k 7 =0

1 n+1 _ 1 & _

2 (_1)k< k )Ufuzl-&-skuskt - 7 Z(_qs)kufu;l kurn—(r+s)k+t'
k=0 7 =0

Proof. Set m = nin (24) and (25). O
In particular,

- ks—1) (P T 1N\ ckpnk < k(s—1) pkpn—k
Z k EF g Lisk = Z(*l) F'F Lrnf(r+s)k+tr
k=0 k=0

n n _|_ 1 n _ _

Z K1) ( k )FrkF;ﬂskFt—sk = Z (_1)k(s 1)Frszn kFrnf(r+s)k+t'
k=0 k=0

We mention that setting m = n — 1 in Theorem 2 gives again Corollary 2.

Corollary 5. If m and n are non-negative integers and r is any integer, then

é —n+k L ek (m+1

Z ( )Vrkvr(nk) = ];)(_1) k( k )Vrkvr(nk)r

" —n+k ! n m+1

© (" it = Do (M) it

Proof. Make the substitutions r +— 2r, s — —r, t — —rn in (24), (25) and simplify. O

In particular,
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™=

m—n+k " k(m+1
( k )LI;Lr(nk)_ Z(_l)n k( k )LI;Lr(nk)r

k=0 k=0
= (m—n+k L _ m+1
kg() < k )LI;Fr(n—k) = kgo(_l)n k+1< k )L];Fr(n—k)'

Theorem 3. If m and n are non-negative integers and s, t are integers, then

2n

m—2n-+k
Z( )221’1 kvkw (2n k)
k=0 k

o m41 _ _
:Wtk;)< o )AZ(H k)usz(n k)‘/SZk

" m+1 B “k -
+ (Wt+1 - thq) Z <2k - 1) A2(n k)usz(” )+1V52k iy
k=1

anl(m—zn+k+1
k

>22n k— 1vkw(2n P 1)

k=0

"o m41 _ _ _
—W, 2 <2k1>A2(n k)USZ(n k)VSZk 1
k_

m+41
+ (Wt+1—th_1) Z ( o )AZ(n k=11 2(n k)— 1V2k.
k=0

Proof. Set x = Vs/(AUs) in (16) and multiply through by 7’ to obtain

i ( —n+ k) on—kgs(n—k)+tyk

k=0

Ln/2 [n/2] m+1 (26)
2 < >An2kugl2kVSZk 2 <2k - 1>An 2k+lun 2k+1v2k 1
Similarly, set x = —V;/(AUs) in (16) and multiply through by ¢! to obtain
" m—n+k
(_1)71 Z (m :+ >2n—k0.s(n—k)+tvsk
k=0
L m 2k pr-2ky2k _ i A (mt1 2t 2k 1y72k-1 )
— Anf n— An + n—2k+
Ukzo<2k> U2y 2<2k_1) U2y

Combine (26) and (27) according to the Binet formula while making use also of (14). Con-
sider the casesn +— 2nand n — 2n — 1, in turn. [0

In particular,

2n m—2n+k
2( 3 )22” KVEV, byt
- L 1 n 1 (28)
=V Z m+ AZ(n—k)usz(n—k)Vszk F U Z m—+ A2(n— k+1)u52(nfk)+lvszk_1l
i\ 2k = \2k-1
2n
m—2n+k

)y ( . )22” KVEUL )1

- (29)

" m+1 " m+1 1) 2(n—k _
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2n—1
m—2n+k+1 ke
Z ( )2271 . 1Vssz(Zn—k—l)-‘rt
k=0 k

(30)
n—1 n
m—+1 _ —k)— m—+1 _ —k _
—u Z( o )A%n DUz vy (Zk_l)W Dyt
k=0 =
and
2n—1
m—2n+k+1
2 < k >221’l k— 1vku (Zn e 1)
= n—1 n (31)
— (m+1 k m+1 k) 2(n—k _
=Vtz< 2k )Az(ﬂ SR Ly <2k1>A2(n D
k=0 k=1
with the special cases
2n
m—2n-+k _
2 ( k )22" kngLs(Zn—k)-&-t
k=0
— Lt i m+1 5n7kL2kF2(n*k) + Ft i m+ 1 511 k+1L2k 11: (” k)
= 2k s °s 2k —1 !
2n
m—2n+k _
Z ( k )2271 kLIsch(2n7k)+t
k=0
—F i m+1 5n7kL2kF2(n_k) 4+ L i m+1 571 kLZk lFZ(” k)+1
P\ 2k s fe=\2k-1
2n—1
m—2n —l— k+1 ke
Z ( )2271 k 1L]s{Ls(Zn—k—l)-‘rt
k=0
B M4+ 1\ Ly—ky 2k 2(n—k)—1 = (AT Lok p2(n—k)
_Ft0< )5 L*F; JrLtk:Z;l o1 )3 TR
2n—1
m—2n + k+1
Z ( )2271 —k— 1LkF 2n e 1)
k=0
n
— Lt (m+1>5n k— 1L2kF ) 1 +Ft Z (;’Izc_l_ ]]:>5n_kL§k_lF52(n_k)-
k=0 k=1 B
Note that in (28)—(31), we used
Ur —qUi1 = Vi, Vi —qVig = AU (32)

Lemma 6. If x is a complex variable and m, n are non-negative integers, then
L m_n+k> k n <m+1) k —k
xt = x (1 —x)" 33
2" L (" )eay @)

Proof. Use the transformation 17 +— xin (16). O

Theorem 4. If m and n are non-negative integers and s, t are integers, then

Ly (M2 B ")LZk_FZ m—2n+ 2k — 1\ "2
e 2k 5k 'E 2k -1 51

4 m-+1 Lls(Ls(2nfk)+t
:(§> 2(1)k( k ) ok

(34)
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Ry (Mo B g (o242l p2r=B 1y 2k-1
F 2k 5k ' 2%k —1 5k
B B (35)
(AR (ML) L b
=(5) L (")
k=0
Ly (M2 B "il m—2n 42k + 1\ 2" 012
e 2k 5k ‘e 2k 5k 6
. g\n2n=l 1 k—1(m+1 L§Ls(2n—k—l)+t
- (5) L (-1 k 2k+1 ’
k=0
b (M= 242k pA R p2k-1 L (m=2n 42k 41 pA R 2%
tk_zl 2k — 1 sk tk_zo 2k 5k
- B (37)
. 4yn2l 1 1 (m+1 Lls{Ps(2n7k71)+t
- (E) L (-1 k 2k+1 '
k=0
Proof. Set x = Ls/(/5F;) in (33) to obtain
" m—n+k ke L pfm+1\ _
) G IVC IR SRS SV (N EL
k=0 k=0
so that
VgJ <m —n+t 2k> EpLE f’g (m —n+2k— 1) Fr-2kH1p2k-1
k=0 2k (\/E)Zk k=1 2k =1 (\/E)Zkfl (38)

0 m S(n—k)
_(\%) Z(_l)nk< :1)L’;/32k"

k=0

Writing 27 for n in (38) (after multiplying through by ) and comparing the coefficients of
V5 produces (34) and (35). Writing 2n — 1 for n gives (36) and (37). O

Corollary 6. If m and n are non-negative integers and s is an integer, then

T /m—2n+2k o 2(n—k 2n m-+1 e
Z < o )57’! sz (n )Lgk — Z (_1)]{( ' )2271 k 1L’;Ls(2n—k)/

k=0 k=0

" B _ 2n

2 (m 221]fitik 1)5”—kP3(”k)+1L§k_l _ 2 (—1)k+1 (m:1>22n_k_1L§F5(2"k)'
=1 k=0

n _ 2n—1

E (m ZkZi—; Zk) 5n,kpsz(nfk)L§k71 _ 2 (_1)k+1 (m 2— 1) 22”7k72L§L5(2n7k—1)/
k=1 k=0
n_1 2n—1

m—2n+2k+1 Ck—12(n—k)—1 m+1 —k—
(m 2 g P (e,

k=0 k=0
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Corollary 7. If n is a non-negative integer and s is any integer, then

" k(21 p2n—1-kyk 2
Z(_l) ( )2 " LSLS(ank) = Snan,

k=0 k

3 k1 (201N jon—k—1,k " sk p2(n—K)+17 21
2(_1) k 2 Lst(Zn—k) = 25 Fg L&,
k=0 k=1

2n—1 n

2n ke —kp2(n—k); 2k—

Z (_1)k+l < B >22n k lescLs(Zn—k—l) _ Z 57 kFS (n )Lgk 1/
k=0 k=1

2n—1 n—1

2n e —k—1p2(n—k)-1

Z (_1)k< L )2271 k ZLI;Fs(Zn—k—]) — Z 57 k lFS (n—k) Lgk
k=0 k=0

3. Relations from a Recent Identity by Alzer
In 2015, Alzer [26], building on the work of Aharonov and Elias [27], studied the

polynomial
& k
P,(x) = (1—x)*t1 <n+ >xk, x € C. 39
Among other things, he showed that
n—1
Pu(x)=1—-x+(1-2x) ) (2"; 1) (1 — )k, (40)
k=0

Such a polynomial identity immediately offers many appealing Fibonacci and Lucas
sum relations as can been seen from the next series of theorems.

Theorem 5. For each non-negative integer n, we have the relations

n n—1

(" R = -2 T (), )
k=0 k=0

Z(—l)"(”zk) Lys1k = 1. (42)
k=0

Proof. Set x = « and x = B in (39) and (40), respectively, and combine according to the
Binet Formulas (3). O

Comparing (22) with (41), and (21) with (42), we find

i(l)k(zn;— 1) B+ =1 *Znil(*l)k (2k;1>,

k=0 k=0

Y (—1)t

(Zn +1
k=0

P )Lz(n—k)+1 =1L

Theorem 6. For each non-negative integer n, we have the relations

n n+k n n-1 n— 2k+1
2 (") = cor = B (R,
=0

k=0
non+k L= 2k 41
,;) < K )Ln+2k+1 =(-1)"- k;)(_l) k< k >L3(k+2)‘

Proof. Set x = a? and x = B2 in (39) and (40), respectively, and combine according to the
Binet Formulas (3). O
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The next theorem generalizes Theorem 5.
Theorem 7. For non-negative integers n and m, we have the relations
1 n+k Fm(nJrlfk) n-1 ( 1) m(k+1) 2k +1

Z(—1)m’<( ) = FuLpy, 1+2Z< ) ,

= k Lk, 2(k+1) k
i(_l)mk n+ k m(”+1 k) — LTl+l (43)
= k Lk,

Proof. Set x = a™/L;, and x = ™ /Ly, in (39) and (40), respectively, and combine accord-
ing to the Binet formulas. [

When m = 1, then Theorem 7 reduces to Theorem 5. As additional examples, we state
the next relations: ;
£
k=0

which also appears in Alzer’s paper [26] as Equation (1.4), and
o+ k\ B 0 _ 2k+1\ 1
DIGHES = ”22< ot )

i (n + k> Lyni1-k _ _ gl

=\ Kk 3k
Theorem 8. For non-negative integer n and any integers m and t, we have the relations

= (n+k mk+-t
7y ( )
=\ Kk %

; ; n—1 2k 4+ 1 qu
= VauWmnyt — ViU (Wm(n+l)+t+l - qu(nJrl)thfl) Z k Vz(k+1) :
m

k=0

Proof. Set x = 1" /V}, and x = 0™/ V;, in (39) and (40), respectively, and combine accord-
ing to the Binet formulas, while making use also of Lemma 4. [

In particular,

& n+k\ U k
qmnz< ) ) ‘n;k+t
m

k=0

n—1 k
2k +1 m
= Vil = ViU (um(n+l)+t+1 - qum(n+1)+t71> ). ( 2 )j

k=0
. n+k mk+t
qmn 2 < )
o\ kv

n—1 k
2k+1 m
= VauVintt — Vi UM( m(n+1)+t+1 qu(n+1)+t—1) Z < k )qu(kﬂ),
k=0 m

with the special cases

"k 2k +1Y (-7
3 ( ) L — ()™ L Fteyt — Ly FnLg(y1) 14 Z < k >(L2)(k+l)'
k=0

4K\ Ly 2k+1 (—1)m(n—k)
};)( ' ) ?Ifn = (=1)"" Ly, Lyg+t — 5Ly Fm m(n+1)+t2 W
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Theorem 9. For each non-negative integer n, we have the relations

n n+k\FE —k . n-l 2k +1\ ok
I N e o e G A 989

k=0 k=0

n n—+ k L —k n—1 2k + 1 _fk—
2(_1)]{( L > 2(?’1;;(1) =3.2" _ 2(_1)](( h )211 2k lLk+2'
k=0 k=0

Proof. Set x = /2 and x = /2 in (39) and (40), respectively, and combine according to
the Binet formulas. [

Theorem 10. For each non-negative integer n, we have the relations

L n+k n-l 2k+1
30 (") By =1 L0 () By
k=0

— k=0

n n+k n-1 2k +1
2<—1>k( )Lz<n+1)+k —3- 2(—1>k( )L3<k+z>.
k=0 k k=0 k

Proof. Set x = 1/a and x = 1/ in (39) and (40), respectively, and combine according to
the Binet formulas. [

Remark 1. Combining Theorem 6 with Theorem 10 gives the relations

n+k w _k(n+k
( 3 )Fn+1+2k=kzo(1)n k( k )FZ(n+l)+k/
L

n+k 1 _x(n+k
( P ) n+1+2k:2(—1)n+k2%)(—1)n k( K )L2(n+1)+k°

n
n
Theorem 11. For each non-negative integer n, we have the relations

n n+k n_l 2k+1
3" Z(—l)k< P )Fz(n+1+2k) =1-) (—3)k< P ) (3Fsk+8 + Fok+10),
k=0 k=0

n n+k n_l 2k +1
3"y, (—1)k< K )Lz(n+1+2k) =3-) (—3)k( K ) (3Lgk+8 + Lok+10)-
k=0 k=0

Proof. Set x = —a* and x = —*in (39) and (40), respectively, and combine according to
the Binet formulas. O

The last Theorem in this set involves mixed identities.

Theorem 12. For each non-negative integer n, we have the relations

L n+k n-l 2k +1
2" Z(—l)k( P )Fz(n+1)+3k =1- Z(—Z)k( P >L5k+8,

k=0 k=0
L n+k = 2k+1
2" Z(—l)k( r >L2(n+l)+3k =3-5 Z(—Z)k( P >F5k+8-
k=0 k=0
Proof. Set x = —a® and x = — 2 in (39) and (40), respectively, and combine according to

the Binet formulas. O

As a final remark in this section, we note that some of the identities presented in this
section follow also from the following lemma.
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Lemma 7 ([24] Identities 6.22, 6.23). If x is a complex variable and m, n are non-negative
integers, then

i (”:k) (L= (1 -0)f) =1, x#0, (#4)
k=0
k=0

For instance, identity (42) is an immediate consequence of (44) at x = a. Also, (43) fol-
lows easily from (44).

4. Relations Involving Two Central Binomial Coefficients

Lemma 8. Let x be a complex variable. Then

5 <2kk> (z(nn_—kk)>x2k ¥ <Z>2(1 T ) )

k=0 k=0

Proof. From Riordan’s book [28], it is known that for the polynomial

=3 (5) (0

we have the relation

An((2t —1)%) = 4" f (Z)thk(l — 1)2(n=k),

k=0

Set x = 2t — 1 and simplify. O

Theorem 13. For each integer v and each non-negative integer n, we have the relations

i (Zkk) (2(:_kk))1:2k+r = i <Z> 2F6k—2n+r/

k=0 k=0
" Zk) (2(n - k)) AN

Y Lojsr = ) Lek—2n-+r-
= < k)\ n—k " = \k i

Proof. Set x = « and x =  in Lemma 8, multiply through by a” and ', respectively, and
combine according to the Binet formulas (3). O

Theorem 14. For each integer v and each non-negative integer n, we have the relations

() (20D )= £ ()5,

k=0 k=0
"2k (2(n—k) _ o\,

Proof. Set x = a? and x = % in Lemma 8, multiply through by a” and f, respectively, and
combine according to the Binet formulas. O

1= L

We note the following particular results:
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£ ()0 o
i (Zkk) <z(nn_—kk)) Lo(ak—n) =2 kzo <Z>25k.

k=0

Theorem 15. For each integer v and each non-negative integer n, we have the relations

o 2k\ (2(n—k _ LN

k=0 k=0

" 2k\ (2(n—k _ non\?

) ( k) ( (n_ k))4” “Lor = ) (k) 5 Lok—ansr-
k=0 k=0

Proof. Set x = «/2 and x = B/2 in Lemma 8, multiply through by a” and p’, respectively,
and combine according to the Binet formulas. O

Theorem 16. For each integer v and each non-negative integer n, we have the relations

kN (200 =) ke nk e ()2

k=0 k=0
1 Zk 2(7’1 — k) kan—k 1 n 2
er;) (k> < n—k >5 4" = k;) k L6(2k—n)+r'

Proof. Set x = v/5/2 and x = —+/5/2 in Lemma 8, multiply through by " and g7,
respectively, and combine according to the Binet formulas. O

Theorem 17. For each integer v and each non-negative integer n, we have the relations
" Zk) <Z(n—k)> o\ 2
Foir = 4" By(nskyrs
E()(k n—k ’ k; k) A
i <2k) (2(11 —k)
=\ k n

nou 2
o >L6k+r =4") (k) Lo(nvk)y+r-
k=0
Proof. Set x = a3 and x = % in Lemma 8, multiply through by a” and f, respectively, and
combine according to the Binet formulas. [

Theorem 18. For each integer v and each non-negative integer n, we have the relations

n 2k (2(n —k o\ ken

k=0
1 2k 2(71 — k) 1 n 2 ken—k
]&(k)( n—k )L8k+r:L4n+rk§)<k> 9"5" .

Proof. Set x = a* and x = B* in Lemma 8, multiply through by a” and f, respectively, and
combine according to the Binet formulas. [

i (zkk) <2(:_—kk))1:4(2kn) =0

k=0

i <2kk> (z;n_—kk)> Lyokn) = 2 kzo (Z) 29k5n—k_

k=0

In particular,

and
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We proceed with some identities involving an additional parameter.

Theorem 19. If n is a non-negative integer and r, s are any integers, then
- () (2P - o\ ? 2(n—k
kg() < k) ( n—k )’725(71 k)W4ks+r = W2n5+rk;0 <k> AZk‘/s (n )uszk

Proof. Set x = 0°/7° and x = 7°/0?, in turn, in Lemma 8, multiply through by 7" and ¢”,
respectively, and combine according to the Binet formulas. O

In particular,

"ok (2(n—k B N2 .
kg;l) <k) < (7’1 —k ))qZS(n & Ugks+r = u2ns+rk;0 (k) AszSZ(n k) uszk’
- () (P - N o 2k
k;o (k) ( (7’1 —k ))qzs(n k) V4ks+r = V2ns+r kgo (k) AZkVS (Yl )USZk,

with the special cases

_ n 2
() U Faser = P 5 () (572122, )

i 2

i—o \k n k=0

no kN [2(n —k LN _

Z <k> ( ( k )> L4sk+r = L2n5+r Z <k> (51:52)71 kLgk' (48)
k=0 n k=0

Remark 2. Note that Theorems 14 and 18 are particular cases of (47) and (48)ats = 1land s =2,
respectively.

Theorem 20. For integers r and s > 1, and each non-negative integer n, we have the relations

" 2k\ (2(n —k) k., 2(n—k o\
FrZ (k)( n—k )(51252) Ls( ):4;12 (k) F2s(2k7n)+rr

k=0 k=0
" 2kN (2(n—k k., 2(n— A
erz (k) < (n k >> (5FS2) Li(n b= 4 kX: (k> L25(2k—n)+r'
=0 =0

Proof. Set x = \/5F,/Ls and x = —v/5F; /L in Lemma 8, multiply through by «" and ',
respectively, and combine according to the Binet formulas. O

Theorem 21. For integers r and s > 1, and each non-negative integer n, we have the relations

" 2kN (2(n—k) _ N
Prz (k)( n—k )(5F52)n kLgk:LLnZ (k) F25(2k7n)+r/

k=0 k=0
"2k (2(n—k _ o\ 2
er;,) (k) < (n . )> (5E2)n—kp2k — gn k;) (k) Los(2k—n)4r-

Proof. Set x = Ls/(\/5F;) and x = —Ls/(+/5F;) in Lemma 8, multiply through by " and
B’, respectively, and combine according to the Binet formulas. O
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Theorem 22. For each integer r and each non-negative integer n, we have the relations

" 2kN (2(n—k _ LN
Z (k)( (n_k))Sn kF6k+r—4nk§)(k) 4kF2k+r/

k=0
1 Zk 2(7’1 — k) —k n n 2 k
k;) < k) < n— k )5” L6k+7‘ = 4” kg%) k 4 szJrI’

Proof. Set x = «3/+/5and x = 2/+/5, in turn, in Lemma 8, multiply through by a” and
B’, respectively, and combine according to the Binet formulas, using also the fact that
VE—ad=—-2and vV5+a® =4a. O

Theorem 23. For each integer r, and each non-negative integer n, we have the relations
n 2k> (Z(n—k)) 4 o\,
) 9" Fokyy = 4" ) 5" Fgk—2n-41s
= < k n—k = \k
" 2k\ (2(n—k _ o\ 2
Z (k) ( (7’1 _k ))9;1 kL6k+r =4" Z (k) 5kL4k72n+r~

k=0 k=0
Proof. Set x = #®/3 and x = %/3, in turn, in Lemma 8, multiply through by a” and
B’, respectively, and combine according to the Binet formulas, using also the fact that
343 :2,3ar1d3—i-oc3 =2v5a. O

Theorem 24. If n is a non-negative integer and r, s are any integers, then

N2 ek Wasnir v (26N (2(n = k) \okr,2(n-k) ;) 12k
kgo(k)qsw MWysesr = ;;”k;](k)(n_k)A V2R 2k

Proof. Setx = AU,/ Vs in Lemma 8 and multiply through by ¢”. Repeat for x = =AU,/ Vs
and multiply through by 7". Now, combine the resulting equations using the Binet
formula. 0O

In particular,

n n 2 n—k UZ + 1 2k 2(n—k) k+2(n—k k
Z(k) 7 sk = = rZ(k)( n—k )AZVS( g,

k=0 k=0
= (n ? 2s(n—k) Vasnir o 2k 2(7”! — k) 2kv,2(n—k) 1 12k
](Z()(k> q Visk+r = 4n ]{;}(k)< n—k )A Vs uz:s;

with the special cases

o\ 2 F nok\ [2(n—k “k
3 <k> Faser = = 1 <k>( (nk)>5kL§(n =,

k=0 k=0
o\ Losnir v (2k 2(”*k) ky2(n—k) n2k
% ()t =5 2 () (20 e

5. Another Class of Identities with Squared Binomial Coefficients

Lemma 9 ([29]). If n is a non-negative integer and x is any complex variable, then

B -E (e

k=0 k=0
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Theorem 25. Let r, s and m be arbitrary integers with r # 0. Then, for each non-negative integer
n, we have the relations

1 n\2 s F\k
Z(*l)k(s-i_l) <k> (fj) P(r+s)k+m
k=0 (50)

1 o /n\ (n+k\ /F n—k
= Y (1) (R (k)( ' )( gs) Fon iy

k=0 ’ (1)

sl (i) (1) (1 K\ [ Frgps\ "k
= Y (1)l k>(k)< ' >( =) L

Proof. Set x = —F;f"/(Fa®) and x = —F,a"/(F,p°), respectively, in Lemma 9, and use
Lemma 3. Multiply through by & and ", respectively, and combine according to the
Binet formulas. [

Corollary 8. For each integer m and each non-negative integer n, we have
o\ 2 L _x(n\ (n+k
3 (o) Feem = S0 () () e
k=0 k=0
o\ ? ! _kf(m\ (n+k
3 () bew =0 L+ () (") e
k=0

k=0

Proof. Setr = 2 and s = —1 in Theorem 25. [

The case m = 0 in Corollary 8 was proposed by Carlitz as a problem in the Fibonacci
Quarterly [30] (with a typo).

Corollary 9. For each integer m and each non-negative integer n, we have

2
" n " n\ (n+k

k=0
n n)2 "o n\ (n+k
)y Lok _Z<>( )Lk+-
k—O(k " k=0 k k " "

Proof. Setr = s = 1in Theorem 25. O

The case m = 0 in Corollary 9 was proposed by Carlitz as another problem in the
Fibonacci Quarterly [31].

Corollary 10. For each integer m and each non-negative integer n, we have

n i\ "on\ (n+k\
£ (- £ )T

k=0 k=0

é n) 2 NVEAWATE S S U

Z Lagim = Z ( ) ( >2n Ly—ktm-
k=0 <k k=0 k k

Proof. Setr =2 and s = 1in Theorem 25. 0O
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Corollary 11. For each integer m and each non-negative integer n, we have

50 (1) o= S0 () () Bty

k=0 k=0

2
! n u ek (M\ (n+k
L) B = X0 () ("4 ) 2o
=0 =0

Proof. Setr = —1 and s = 2 in Theorem 25. [

Corollary 12. For each integer r and each non-negative integer n, we have

50 (1) B = £ () (1) o

k=0 k=0
1 n\ 2 1 o /n\ [n+k
S0 () o= 227 () (1) o
Proof. Setr = 1 and s = 2 in Theorem 25. O

Corollary 13. For each integer r and each non-negative integer n, we have

n

2
é n i n\ (m+k\
3 (0 (1) Bt = L0000 () (") L g

k=0 k=0

- r n 2 < r n— n n+k n—
Z<1)(+1)k(k) Larkem = L (=DTD00 (k)( k )L’ etk
k=0 k=0

Proof. Set s = r in Theorem 25. [

Corollary 14. For each integer r and each non-negative integer n, we have

;:ZO (—1>k(Z)ZL’;P3rk+m = () (M) @t 0 sy

k=0
2
1 n n ak (1) [n+k —k
Z(_l)k <k> L5L3rk+m = 2(_1) k<k> ( k )(L2r + (_1) ) LZr(n—k)-i—m'
k=0 k=0

Proof. Set s = 2r in Theorem 25 and make use of F3,/F, = Ly, + (—1)". O
Theorem 26. For each non-negative integers r, m and n, we have the relations
2 n
n _ _ k(nm\ (n+k
(3) 2 s = 1 0 (1) (") iy
k=0

n

2
n\“_,_ ; nk (N (n+k
(k) Ly, kLmk+r = <_1> 2(_1> k(k) < k >Llr(an(n—k)—r'

k=0

>

k=0

Proof. Set x = a/L,; and x = /L, in Lemma 9, multiply through by a” and £,
respectively, and combine according to the Binet formulas. O
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When m = 1, then Theorem 26 reduces to Corollary 8. When m = 2, then

£ (1) = o 0 () (7

k=0
o\ ey n\ (n+k
k;) (k) 3 kLZkJrr = (_1) kzo(_?’)k(k> ( k >L2(nk)r'

Theorem 27. For each non-negative integer n, any odd integer m and any integer r, we have

the relations
2 n
n n\ (n+k _
<k> Bomkr = Z (k)( k )LZ ka(nfk)qur
2

3

k=0 k=0

" n "o\ (n+k\,

kE (k) Lomietr = kX: <k>( k >L31 kLm(n—k)+r'
=) =0

Proof. Setx = a?" and x = ,Bzm, m odd, in Lemma 9, and use the facts that a®" — 1 = a™L,,
and " — 1 = B"L,,. Multiply through by a" and ', respectively, and combine according
to the Binet formulas. [

When m = 1, then Theorem 27 reduces to Corollary 9.
We conclude this section with a sort of inverse relation compared to those from
Theorem 25.

Theorem 28. For each non-negative integer n and any integers m, r and s, we have the relations

n 2 E k n B +k F.o\n—k
kzo(_”Sk(Z> (552 o= B0 () (")) Fosataon

k=0
. sk 1 2 Frys\*k n s(— n n+k F,\n—k
S0 () (52) b= £ () (7 (B) Latorsron

Proof. Set x = Fr4s/(a°F) and x = F.4s/(B°F,), respectively, in Lemma 9, and use
Lemma 3. Multiply through by & and ", respectively, and combine according to the
Binet formulas. O

6. More Identities with Two Binomial Coefficients

Lemma 10 ([32] Identity (3.17)). If n is a non-negative integer, m is any real number and x is
any complex variable, then

LR e =g ()@ <52>

£ (e £ ()

In particular,

k=0 k=0
n (1)) ok 20\ & (D7 o

L (x—1) :( > 22(n—k) k. (54)
)y (2B n g(z‘ﬂ‘))

Proof. The first particular case is obvious. The second follows upon setting m =n —1/2

2n\ n
in (52) and using (n—’}/z) — 22155122’5?})) with 0 < k < n (see [32] Identity (2.45)). O
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Remark 3. Comparing (49) with (53), we immediately obtain an “identity” of the form

et -E Qe

Such an identity does not contain any new information as the identities can be trivially transformed
into each other by reindexing

n n
Z aj = Z Ay_ k-
k=0 k=0

This shows that the binomial sum relations from the previous section are actually special instances
of those derived now.

Theorem 29. Let r,s and p be arbitrary integers with v # 0, and let m be any real number. Then,
for all non-negative integer n, we have the relations

n — k
\(s+1k n m-+n k Fr+s
e () (1)

k=0 (55)
n ; Eo\k
=y D) E) Frvsen
L s n\ /m+n—k\ /Fis\k
k;)(—l)( +1)k (k) ( ; ) (?J:) Loy p
B (56)

||M=
(I)
+
H
/—\
~ 3
N———
7N\
> 3
N—
/N
Sl Pap
N—
-~
h
=<
+
&
=
+
=

In particular,

2(2n—k) )(211 k)

ek ) oy Fris\k
L1 o) (75) P
2n - (s+1)k GZ)Z 2(n—k F,
<n> Z’ - TN ( )(;) Frssperpr
k=0 ( n—k )
n DCITNCE) (Erpk
(_1)(s+l)k n - Ly
kgé (2(”_kk)) ( F, ) sktp
2n\ & (> Fo\k
_ _1\(s+1)k k n—k) (s
- ( n ) kgo( 1) (2(7’1 ))2 (Fr) L(7+S)k+}7'

Proof. Setx = —F;f"/(Fa®) and x = —Fsa” /(F,f°), respectively, in (52), and use Lemma 3.
Multiply through by a” and B?, respectively, and combine according to the Binet formu-
las. O

Corollary 15. If n is a non-negative integer, m is any real number and p is any integer, then

S0 )me S0 (e
LG )= E G (e

M
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In particular,

n (CTH 2\ & (0 ek

](Z;) (2(717]{)) FP—k = (7’1 ) kz%) (2(717]())2 (n )Fp+k’
= n—k = n—k
f@)(z(ff—f’)(z"nkhk—<2")i e
k=0 (k) ’ n) = (U) ’

Corollary 16. If n is a non-negative integer, m is any real number and p is any integer, then

£ N £ () () e

£ o= £ () (o

In particular,

n (n)(Z(Z;:k))(Znn—k) n
> zz(nnkk)) ( ) g 2(n7k) k)F2k+r"

—i ) ’rk)L _ (™ y 1’3 22(n=k),
(Z(n—k)) ktp =\ 5 Z (2(n—k)) 2k+p-
— n—k

Corollary 17. If n is a non-negative integer, m is any real number and p is any integer, then

22 (1) (" ) s = LE () (5B

k=0 =
I:Zo(iZ)k <Z> (m +: : k) Ligyirp = kio(il)k (:) (7:) Lagip- (58)

In particular,

LN 1 il Ty AN () e
Eo (2) (= 0y Fogpyeny = (n)kgo(ﬂ) <2<,?:,f>>2 s
o (e n\ & mee o
Z (2" Ez(nk ) Ly = <2n ) ];fil)k(zgf_zkk))zz( g e

Corollary 18. If n is a non-negative integer, m is any real number and p is any integer, then

() (72 o o) (e
G IS o o

k=0 k=0

In particular,

n (1) (2@ Py 2k 2\ & Ok
(—3)F nk Fx —( ) (—1)k k22K,
5 oy = ) BV e e
2n7kk) (ank)

n ny 2( n n n\2
2(_3)k(k)( z;(;_—kk)) —Lakp = <2 ) Z(_l)k (zgﬁk))ZZ(nk)L‘lkw'
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Theorem 30. If n is a non-negative integer, m is any real number and s, r are any integers, then

1t n(n\ (m+n—k\F_gq4 n\ (m\ Fseyr
) S 06
k;l) k n Lk kgo k)\k) Lk
n n
k=1 (1 m+n—k Lr,sk: n\ (m\ Lgyr
v @) () e n ) () B

In particular,

ny 2(2n—k n—k n
Xn:( 1)1{(5—1) <k)< (ank))(zn )Frfsk _ (2n> Xn: (k)z 22(n k) Fogir
2(n—k) Lk n 2(n—k) Lk’
k=0 Qg 5 k=0 (%)
n 2n—k k "
3oyt DCE N Ly ()& (° p2n-) Lstr
= SO B = S ks

Proof. Set x = #°/Ls; and x = 8°/ L, in (52), multiply through by a” and ', respectively,
and combine according to the Binet formulas. O

Theorem 31. If n is a non-negative integer, m is any real number, r is any integer and s is an odd

integer, then
n\ (m+n— k) « " (n) <m>
Y. LiFgir =Y Faskyr/
- <k>< n S+ S r = k k S r

k=0
"\ (fm+n—k T n\ (m
k=0 k=0

In particular,

o (HEEE ek o\ & (1)
— L Fsk r = ( ) k_ 22(n_k)F25k s
k_;) (Z(n}’likk)) S + n ;0 (Z(n?’likk)) +
(IR (z) no
L LKLy = 22—k
kgo (2n=h)) A kgo ) ”

Proof. Set x = &% in (52) and use the fact that a®® — 1 = #°L if s is an odd integer. []

Theorem 32. Let n be a non-negative integer, m be a real number and r, s, p and t be any integers.
Then

n n/2] k -2k
L[\ (m+n—k L’,‘+S L n 5K

k=0 (59)
[1n/2] n m 5k1:2k71
+ (_1)7‘ kg:l <2k . 1) <2k B 1) L%k_l Fsp—(Zk—l)(r+s)+t/
n k [n/2] k 2k
cf(n\ (m+n—k\L n\ (m\5F
Z (*1) (k) ( n > L Fs(p k)+t 2 (Zk) <2k> T%Z sp—2k(r+s)+t
k=0 k=0 (60)

[n/2] n m O\ 5Kk—1p2k—1
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Proof. Set x = v/58"Fs/(L,&°) in (52) and use (12) to obtain

n n\ /m+n—k _ s(p—
30 (p) (" ekt
k=0
n
— k(T m kyp—kpk sp—(r+s)k+t

from which the results follow. O

Corollary 19. Let n be a non-negative integer, let m be a real number and let s and p be any
integers. Then

n k-1 [n/2] k 2k
k() (mtn—k\2" Ly _ n\ (m\5F;
R () () - o ) )

k=0 k=0

i(_l)k n\ (m+n—k\ 2k 1Fk__ % m 57"11-"52"’1
= k n B 2k—1 2k—1) %1 7

S

Proof. Sett = —sp and r = —sin (59) and (60). O

Corollary 20. Let n be a non-negative integer and let s and p be any integers. Then

2(2n—k)\ ;2n—k n _
i ( )( (2”” k))( - )75’( (2n> ij (znk)z 5ko2(n 2k)+11352k

Conhy W An S Ay
i ( )( 22: kk )" ) Ey Fo <2n) (%W ()7 22(n=2k+1)+15k-1p2k-1
- aemy g ) Ean T

7. Still Other Classes of Identities with Two Binomial Coefficients

Lemma 11 ([32] Identity (3.18)). If n is a non-negative integer, m is any real number and x, y are
any complex variables, then

EQCe - EO@r o

Theorem 33. If n is a non-negative integer, m is any real number and r, s and t are any integers,
then

"\ (m+k _ " n\ (m _
2 <k)< k )quu;l kué(wt—(r-&-s)k-&-sn = Z <k> <k)quuf+skué<wtrk-

k=0 k=0

Proof. Set x = U,1s and y = T'Us in (61) and multiply by ¢* to obtain

n n
2 (;D (m I—: k) O_S(n—k)+tTrku;1—ku§ _ Z (Z) (’Z) O.tTrkqusku? (62)
k=0 k=0

Similarly obtain
n n
2 (;{l) (m;{i—k) o_rkTS(nfk)thu;}*ku;C — Z <Z> (k) rk tuf_‘rskuk' (63)
k=0 k=0

Combine (62) and (63) using the Binet formula. O
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é(—l)’f(

In particular,
o (n\ (m+k _ " (n
Z (k) < k )quurn kuécvtf(r+s)k+sn = Z (k> (k)quu;zrsku Virk (64)
k=0 k=0

and

" n\ (m+k _ " n
Z (k) < k )quu;l kué(ut—(r—&-s)k—&-sn = Z (k) <k)quu;l+sku Uik

k=0 k=0

with the special cases

" (M (m+k\ L, L n\ (m\ ,_
Z(_l)k<k>( k >Frn szkLt(r+s)k+sn:Z(_l)rk(k)(k>Frn+sszkLt—rk/

k=0 k=0

1 n\ (m+k _ 1 n

Z(_l)rk (k) ( k >P;l szkth(rJrs)kJrsn = Z(_l)rk (k) (k>F111+skaFt—rk‘
k=0 k=0

Lemma 12 ([32] Identity (3.84)). If n is a non-negative integer and x is any complex variable, then

ké(_l)k(@ <2kk>2n2kxk _ k;) (_1),{(2(:_—:)) -1k

Lemma 13 ([33,34]). If n is a non-negative integer and x is any complex variable, then

é(l)"(@ (n i k) (1+2x) = é(nk(;l) (” . k) o

Next, we present an obvious extension of (33) and some associated Fibonacci-Lucas sums.

Lemma 14. Let x and y be complex variables, let m and n be non-negative integers and let r be
any integer. Then

R () e e

Theorem 34. If m and n are non-negative integers and s, r and t are any integers, then

Z m—n+k\ (n—k\ qn_i_r
Z(_l)k< k )< ’ )q( k )W25k+t
k=0
z m+1 —k\ ks
:E < >< " )Vs k Ws(n+k7r)+t

Proof. Choose x = ¢° and y = 72° in (65), use (4), and multiply through by ! to obtain

f (_1)k (m _;: + k) <” - k) qs(nfkfr)TZSkﬁ‘
k=0 r
_ i <m + 1) < k) S(ntk=r)+tyn—k—r

(66)

(67)
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Similarly obtain

i (_1)k (T}’l —n+ k) (Tl - k) qs(n—k—r)UZSk—l-t
k
_ f (_1)k (m + 1) (n - k) 0.5(n+k*7)+tvn*k*'r‘
k T s !
k=0

The result follows from (67), (68) and the Binet formula. [

(68)

In particular,
! m—n+k\ n—k k—
£ (m ) (Rt
k=0
“ m+1\ (n—k k—
_Z(_l)k< k >( ’ >Vsn : rus(nJrkfr)thr
=0

k
L m—n+k\ (m—k\ ks
(M (1R,

with the special cases

fo ()
= k r 2sk+-t

(=1t & k(m+1\ (n—=k\
:Tkzo(_l) K . Ly " L(nk—r)+r

! ks+1) (M—n+k\ (m—k
DRVl (Y (o
(—1)s(n=r) 2 m+1\ n—k\, ,_
= L Z(:)(_l)k k " L? sz(n+k—r)+t

k=

g

Theorem 35. Let m, n, v, s and t be integers with n > 0. If n and r have the same parity, then

[n/2] _ _
W, Z (m ;lk+ 2k> (11 r2k> An—Zk—rug—2k—rVS2k
k=0

[n/2] m—-—n+2k—1\ /n—-2k+1
- B ("R (0

m+1\ (n—k\ . ,_r_,
:Z(_l)k< k )( ’ )2 k Vskws(nfkfr)th/

k=0

) An—Zk—rug—zk—r-‘rl VSZk—l

while if n and r have different parities, then

[n/2] _
(Wt+1 _ th—l) Z ( n—+ 2k> (1’1 )An—Zk—r—l usn—Zk—rVSZk

k=0
21 2k — 1\ (n—2k+1
_Wt kzl < ok —1 )( )AVI —2k+1— run —2k— 7’-‘1—1‘/2]{ 1

L m+1\ (n—k\ ., .,
= (1)k( k >( v )211 k Vskws(nfkfr)th‘
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Proof. Set y = Vs and x = AU, in (65), then use Lemma 4 and the summation identity
n [n/2] [n/2]
Y fi= Z foj + Z frj-1- O

j=0

In particular, if # and r have the same parity, then

2} i — 42K\ [ — 2k
u; Z ( ) ( . )Usn—Zk—rVSZkAn—Zk—r

= 2k
[n/2] _ _ _
_ ‘/t Z (m ;ktzf 1) <1’l zrk + 1) An—Zk—i’u;’l—Zk—r-‘rl‘/sZk—l (69)
k=1

1 m+1\ n—k\ . _;_
N Z(_l)k< k )< r >2n k rVSkuS("*kfr)Hf
k=0

21— 42K\ (n— 2k
Vt Z ( ok ) ( . )An—Zk—}’u;’l—zk—TI/SZk

k=0

21 2k — 1\ fn—2k+1

~u Y (m ;lktl )(" ) + )An—2k—r+2usn—2k—r+1VSZk—1 (70)
k=1

L m+1 L PO
=2 (") (") s

while if # and » have different parities, then

/2] m—n—+2k\ (n—2k
Vt kzo ( 2k > ( . )AHZkrlug’IZk}"/szk

21— 2k — 1\ (n—2k+1
_ n—2k—r+17 pn—2k—r+1y,2k—1
Ui k:Zl < k1 > ( ) )A u 1% (71)

1 m+1\ (n—k\ ., _;_
= kz (_1)k< k ) < ’ >2n k erkus(n—k—r)-&-t/
-0

and
[n/2] _ _
Uy (m ;”lk+ 2k> (” r2k>An2kr+1u;12ker2k
k=0

[n/2] _ _ _
vy (m §k+ Zlk 1) (” 2k + 1) An-2kr 2k 2kl (72)
k=1 o r

_y (- (m+ 1) ( ,, k) 2”7kfersz(n7k7r)+t/‘

k=0
with the special cases:

/2] m—n+2k\ (n—2k

21 iy 2k — 1\ (n—2k+1
_F (nfr)/kaJrankafﬁLl 12k—1
' k; ( 2% —1 ) ( r )5 : .

& m+1\ (mn—k\ ik,
= Z (_1)k< k ) < ’ )2 g L]s(Ls(nfkfr)ﬂ?'
k=0
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Lzl ( —n+ Zk) ( )5(n—r)/2—kpn—2k—rL2k
s s

EY

k=0
)( )5(71 r)/2 kFSn 2k r+1[§k 1

[1n/2]
m
_L*kz ( 2k —1 r
n
=5

while if # and r have different parities, then

m+1 —k\ ke
< )( . )211 ¢ rLlsst(nfkfr)th;

2
[n/2] (m —n+ 2k> (7’[ —}/2]() 5(n7r+l)/27k1:51172k77’L§k

F Y

= 2k
21 2k — 1\ (n—2k+1
_ (n—r+1)/2—k pn—2k—r+172k—1
Lté( 2k —1 )( r )5 ks ks
m+1\ /(n—k e
- Z<_1)k< k )( r >2n k rLlscLs(n*kfr)w

k=0
2
[1n/2] (m —n+ 2k) (1’[ - 2k> 5(n—r+1)/2—kFS11—2k—rL£k

= 2k r
21 fy— 2k —1\ [ —2k+1
_ (n—r—1)/2—k pn—2k—r+17 2k—1
L k; ( ok 1 ) ( ) )5 F! L2
m+1\ [n—k ke
= 2(1)k< k )( r )zn : rLls{Fs(nfkfr)th’

Note that in simplifying (69)—(72), we used (32).
Corollary 21. If m, n, r and s are integers, then

1 m+1\ n—k\ _, . .

2 (_1)k( k > ( ’ >2n e lLIsCLs(n—k—r)

k=0

[n/2] 2ky -2k
r (m_gzj ) )5(n=r)/2=k pn=2k=rp 2k if n — ris even;
k=0

7

[n/2]
m—n+2k—1) (n—2k+1)5(nfr+1) /kaFSankaH Lgkfl otherwise;

- kgl ( 2k—1 r

n m+1\ n—k\ ., _; .
Z(_l)k( k >< 7 >2n ke lLIsCFs(n—k—r)
k=0

[n/2] 2%k—1y (n—2k+1

- (m7§1<t1 - )(nf ; + )S(n—r)/2—k1:5n—2k—r+1L§k—1, if n — ris even;
k=1
otherwise.

[n/2]
m7n+2k) (n;Zk)S(n—r-&-l)/2—k1:sn—2k—rL§k,

LMy

k=0
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8. Identities with Three Binomial Coefficients

Concerning identities with three binomial coefficients, some classical Fibonacci (Lucas)
examples exist. For instance, Carlitz [35] presented the identities

Lo\ (n+k)!
ng (k) B = 2%;1 mpznfsk

and

UV (n+k)!
L (k) Le= X Gy — amyi oo

k=0 2k<n
In addition, Zeitlin [36,37] derived

2 oy 3 n 2n+k)! n—
L (%) P st

k=0 k=0
21 2n>3 " (2n+k)!

Ly =1L e I
kg ( k) T T kg) (kD)3(2n — 2k)!

In his solution to Carlitz’ proposal from above, Zeitlin [38] proved mutatis mutandis the identity
- ”) ° Kk (n+k)! k
()" P W= Y s P ) Wanake
k;() (k q p 2&71 (k) ( Zk)'p q 2n—3
His results are based on the polynomial identity
s ”)3 k (ntk)!  k 2k
Xt = e —x (x + 1)
%) - e

In this section, we provide more examples of this kind using “Zeitlin’s identity” in its
equivalent form given in the next lemma.

Lemma 15 ([32] Identity (6.7), [39]). If n is a non-negative integer and x is any complex vari-
able, then
” n>3 P <n+k> (2k> (n—k) ‘ ok
) =3 X (1 + x)" = (73)
= (k =\ 2k k k
Theorem 36. If n is a non-negative integer and r and t are any integers, then
non\? Lo (n+k\ (2k\ (n—k .
Z (k) quwr(n72k)+t = Wi Z ( 2% ) (k) ( k )q’er” 2k
k=0 k=0

Proof. Set x = 7" /0" and x = ¢’ /7', in turn, in (73). Combine according to the Binet
formula. O

Corollary 22. If n is a non-negative integer and r is any integer, then

£ (1)t -

In particular,

n
Z( > rkFr(n 2k) — =0.
k=0
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Theorem 37. If n is a non-negative integer and r, s and t are any integers, then
n n _
Z(_l)k (k) u;q+s u WH—rk
k=0
“ n+k\ (2k\ (n—k _
Z ( > (k) ( k )q (n=2k) ur+sU§u;"1 2kWt+rk—s(n—2k)'
k=0
Proof. Set x = —1"Us/Ur4s and x = —c"Us/ U+ in (73), in turn, bearing in mind (10)

References

U N

45-52.

and (11). Combine the resulting equations using the Binet formula and Lemma 4. O

Corollary 23. If n is a non-negative integer and r and t are any integers, then

u AR i n+k\ (2k\ (n—k _
Z(_l)k(k) VT Wi = Z(_l)k( 2% )(k)( k >qr(n Wi
k=0 k=0

9. Concluding Comments

In this paper, a first systematic study of sum relations involving (generalized) Fibonacci
numbers and different kinds of binomial coefficients was provided. In particular, we have
covered five different classes of relations. All results have their origins in polynomial
relations involving one, two or three binomial coefficients. This study is by far not complete
and additional relations can be added in the future. For instance, further identities with
two binomial coefficients can be derived from the next lemma, which is a generalization
of (16).

Lemma 16. Let x and y be complex variables, let m and n be non-negative integers and let r be
any integer. Then

) £ T

k=0

In our future research projects, we will consider additional classes of relations. Cur-
rently, we work on binomial sums depending on the modulo 5 nature of the upper summa-
tion limit.
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