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EXPRESSING SUMS OF FINITE PRODUCTS OF
CHEBYSHEV POLYNOMIALS OF THE SECOND KIND AND
OF FIBONACCI POLYNOMIALS BY SEVERAL
ORTHOGONAL POLYNOMIALS

TAEKYUN KIM, DAE SAN KIM, JONGKYUM KWON, AND DMITRY V. DOLGY

ABSTRACT. This paper is concerned with representing sums of finite prod-
ucts of Chebyshev polynomials of the second kind and of Fibonacci poly-
nomials in terms of several classical orthogonal polynomials. Indeed, by
explicit computations each of them is expressed as linear combinations of
Hermite, generalized Laguerre, Legendre, Gegenbauer and Jacobi polyno-
mials which involve the hypergeometric functions 1 F1 and 2 Fj.

1. Introduction and preliminaries

In this section, we will fix some notations and recall some basic facts about
relevant orthogonal polynomials that will be used throughout this paper.

For any nonnegative integer n, the falling factorial polynomials (x), and the
rising factorial polynomials < x >,, are respectively defined by

@) =z(x—=1)--(z—n+1), (n>1), (x)g =1, (1.1)

<z>p=z(z+1)--(z+n-1), (n>1), <z >=1. (1.2)
The two factorial polynomials are related by

(=D)"@)n =< =2 >n, (-1)" <z >,= (~2)n. (1.3)

(2n —2s)! 227 E(—1)F < L >,

(n—s)! <i-n>,  (n2s20). (1.4)
F(n+%):%, (n>0). (1.5)
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2 Chebyshev polynomials of the second kind and Fibonacci polynomials
I(z+1) I'(z+n)
n =< T >y, >0 1.6
Me+i-n ) 7 >n (120) (16)
1
_ - L(x)I'(y)
B = [ 11—tV ldt = =222 (Re z,Rey > 0), 1.7
@)= [0 = G (ReaRey >0, ()

where I'(x) and B(x,y) are the gamma and beta functions respectively.
The hypergeometric function is defined by

q(a17"' 7a/p;b17"' abq;x)
N <Ay Sy < Ay S " (1.8)
= —, <qg+1, |z| <1).

<by >p o <bg >p nl (p<gq 2] )

We are now going to recall some basic facts about Chebyshev polynomials
of the second kind U, (z), Fibonacci polynomials F,(z), Hermite polynomials
H, (z), generalized (extended) Laguerre polynomials L% (z), Legendre polynomi-
als P, (z), Gegenbauer polynomials oW (z), and Jacobi polynomials pLs )(x)
All the necessary results on those special polynomials, except Fibonacci poly-
nomials, can be found in [5-8,10,11]. Also, the interested reader may refer to
[2,3,19,22] for full accounts of the fascinating area of orthogonal polynomials.

In terms of generating functions, the above special polynomials are given by

F(t,2) = +—— T o T 8 Z Un( (1.9)
Glt,2) = ——— Z Frp1(2)t", (1.10)
Rttt _ ni)H"(m):; (1.11)
(1 —t)"* Texp(— ZL‘” (a>—1), (1.12)
(1—22t+13)"7 = iPn(x)t”, (1.13)

n=0
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Zcﬂ )", )\>——)\7é0|t|<1|x|<1) (1.14)

(1—2:1:t+t2
ga+p

(a»ﬁ) 1.1

ROt +Re(1+t+R)pP ZP (1.15)

=vV1-2zt+12 B> -1).

Explicit expressions of special polynomials can be given as in the following.

Un(z) = (n+ 1)oFy(—n,n +2; 33 15%)
(3] n—1
= (—1)1( ; )(217)””, (1.16)
=0
(5] L
Fn+1(x) = <n I >Z‘n_2l7 (117)
=0
(3] 1)
H frg ! _— n—21 11
Ly(z) = =« _:;,1 >n1F1(—n,oz+ 1)
NEh
=Y (1.19)
=0
Py(z) = oFi(—n,n + 1;1; 15%)
(5]
1 n\ (2n =21\ ,_
= o Z(—l)l(l) ( . )x 2 (1.20)
=0
2\ — 1
C’ELA)(:E) = (n n/\ >2F1(—n,n+2)\;/\+%;17“")
£l Fin—k+X)
=2 (-1 (22)" %, (1.21)

Tk (n — 2k)!
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4 Chebyshev polynomials of the second kind and Fibonacci polynomials
< 1>
PR (z) = #gFl(—n, l4+a+B8+na+1;15%)
n.
n
_ n+o Tl+ﬂ z—1\k/z+1\n—k
= ;0 <n N k) < k >(2) (5=)" (1.22)

Next, we recall Rodrigues-type formulas for Hermite and generalized Laguerre
polynomials and Rodrigues’ formulas for Legendre, Gegenbauer and Jacobi poly-

nomials.
n_x? d" —z?
[e% 1 —x T dn -, NnTao

Li(x) = —z e dx—n(e "), (1.24)

1 dar n
P,(z) = 2nn'd$—n(x2 -1, (1.25)

—2)” <A> d"” 1
- 2P oW () = b (1 g?) AR 1.26
(1 =297 G () n! <n+2)\>ndx”< z%) * ( )
o @ (_l)n dr n+a n

(1 —2)*(1 +z)P PP (z) = s g (1= ) (L 4 ) A (1.27)

The following orthogonalities with respect to various weight functions are
enjoyed by Hermite, generalized Laguerre, Legendre, Gegenbauer and Jacobi

polynomials.
/ efzan(as)Hm(x) dr = 2"n\\/T0p m, (1.28)
/ x%e Ly (z) LY (x) de = l'l"(a +n+ 1) m, (1.29)
0 n.
! 2
[ PA@)P(a)dr = 5= b (1.30)
! . 21722 (n + 2))
1— 22~ 20W ()W (2) da = = S 1.31
[ A=t a - Tt s, 0
1
[ -2+ 0 Ped @)l 0) do
-1

- 20 (n + o+ D)I'(n+ B+ 1) 5 (132
*(2n+a+5+1)F(n+a+ﬁ+1)F(n+1) n,m- .
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For convenience, we put

V() = Z Ui, (2)Ui, () -+ - Ui,y (2), (ny7 2 0), (1.33)

i1t+i2+ - tirp1=n

Enr(@) = > Fup(@Fun(@)Fi(z), (n>0r>1), (1.34)
i1tiz+tir=n

We note here that both v, .(z) and &, (z) have degree n.

Here we will study the sums of finite products of Chebyshev polynomials of
the second kind in (1.33) and those of Fibonacci polynomials in (1.34). Then
we would like to express each of 7, ,(z) and &, . (z) as linear combinations of
H,(z), L%(x), P, (z), e (x), and pld) (x). These will be done by performing
explicit computations and exploiting the formulas in Proposition 2.1. They can
be derived from their orthogonalities, Rodrigues’ and Rodrigues-like formulas
and integration by parts.

Our main results are as follows.

Theorem 1.1. Let n,r be integers with n > 0,r > 1. Then we have the follow-
mg.

Z Ui1 (x)Uiz (l‘) T Uir+1 ('73)

i1ttt Fisp1=n

_(n+r)! 1 ) .
=T 2 gy ST T D (@) (1.35)
~ 2T(a+n+1) zn: (=1)k
a rl S Tla+k+1)

[“5*]

x _ L%(x) (1.36)

_(nt7)! 3 ( (2n—4j + 1? B (1 n %; —n—1;1)Py_sj(z) (1.37)

7! = n—j+3)n—sj
) (n41)!
CT(n+A+1)r!
(5] ;
A—2 A)j
(S PEAZZNO N g —n—r1)CY, (2)  (1.38)
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6 Chebyshev polynomials of the second kind and Fibonacci polynomials

"Z": 2)FT(k +a+ B +1)

= T@Rk+a+p+1)

[2]
Yn+r—1)!
XZ l'n_k 21 oF (k+2l —n,k+ B+ 1;2k+a+ B+2;2)
x P,Ea’ﬁ)(x). (1.39)

Theorem 1.2. Let n,r be integers with n > 0,r > 1. Then we have the follow-
mg.

> Fup@Fu,a(@) Foae)
i1tia+tir=n

(5]

w3

_(n4r—=1)! 1 I ‘
TG gyt e (@) (1.40)
_I‘(a—i—n—kl)i (—1)k
(=D ZT(atk+])
n k]
n+r—l-1
x Z Nn—k— 2l).(a+n)2lLk(x) (1.41)
(3] . .
(n+r—1)! (2n—4j+1)47 . 1
= Fi(=j;j—n—=;1—n—r;—4)Py_o;
(r—1)l4n j:o(ﬂ—j+%)n—jj!2 1(=dig = g Tl ) Pn—2i(2)
(1.42)
 I'Mn4r—-1)!
S 2(r—=DIT(n+ A+ 1)
(3]
2
R GERY (n'+A J) WFi(—ji == X1 —n— 580D, (2)
=0 J:
(1.43)
Z L(k+a+ 8+ 1)(—2)"
)! F2k+a+pB+1)
[n k
N (n+r—1-1) B . .
X ; Il(n—k —20)! oF1(k+20 —n,k+ B+ 1;2k + a+ B +2;2)
x PP (x). (1.44)

Sums of finite products of Bernoulli, Euler and Genocchi polynomials have
been expressed as linear combinations of Bernoulli polynomials in [1,15,16].
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These were done by deriving Fourier series expansions for the functions closely
related to those sums of finite products. Further, the same were done for the
sums of finite products v, .(z) and &, () in (1.33) and (1.34) in [12] Along
the same line as the present paper, sums of finite products of Chebyshev poly-
nomials of the second, third and fourth kinds and of Fibonacci, Legendre and
Laguerre polynomials were expressed in terms of all kinds of Chebyshev polyno-
mials in [9,13,14]. Finally, we let the reader refer to [4,17] for some applications
of Chebyshev polynomials.

2. Proof of Theorem 1.1

Here we are going to prove Theorem 1.1. First, we will state two results that
will be needed in showing Theorems 1.1 and 1.2.

The results (a), (b), (¢), (d) and (e) in Proposition 2.1 follow respectively from
(3.7) of [7], (2.3) of [10] (see also (2.4) of [5]), (2.3) of [8], (2.3) of [6] and (2.7) of
[11]. They can be derived from their orthogonalities in (26) -(30). Rodrigues-like
and Rodrigues’ formulas in (21) -(25) and integration by parts.

Proposition 2.1. Let ¢(z) € R[z] be a polynomial of degree n. Then we have
the following.

(a) gq(x)= ch,1Hk(9C), where
k=0

2

_ (=F /°° da o,
Cr1 = PN _OOQ(x)dxke dz,

(b) qz)= ZCk,ng(fU), where
k=0

1 [e’e} dk bt
— —xT « d
Ck,2 7F(Oé+ i+ 1) /0 q(x)idxk (e "z )dx,

(c) qz)= ZCk,g,Pk(x), where
k=0

2k+1 [* &,
Cua = gy [ ale) oz @ = 1)

(d) q(z)= ZCMC,?’(J:), where
k=0

_ (k+ AT () ! d* 2\ kAL
et = o b+ A+ 1) [ i) g =yt
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8 Chebyshev polynomials of the second kind and Fibonacci polynomials

(e) q(z)= Z Ck,5P,£a’ﬁ)($), where
k=0

O = (-D)*Ck+a+B8+1)I(k+a+B+1)
P8 et BRI (a+ k+ DB+ k+ 1)
! d* kta k+8
X /_1q(x)w(1 — ) 4 )P

Proposition 2.2. Let m, k be nonnegative integers. Then we have the following.

(a) / ame " dy

0, if m=1 (mod 2),
- (ZI)'\/;”’ if m =0 (mod 2),
2)!
1
(b) / 2™ (1 — z*)kdx
-1
0 if m=1 (mod 2),

= 2;k+2k1m!(k+%+1)! ; =
(Diartmizy LM =0 (mod 2),

- . (k+s)!
:22k+1 ' m 25 _lm s (
k;(s> (=1) 2k +s+ 1)1’

(¢) /1 x™(1— xQ)’H"\_%dx

-1

{0, if m=1 (mod 2),
= Lt +3T(2+3) . _
“Toazin s ifm=0(mod?2),

(d) /1 2™ (1 — )1 4 )Py

-1

_ 22lc+a+,8+1 Z <m> (_1)m—523
S

s=0
Fk+a+1)k+8+s+1)
F2k+a+B+s+2)

Proof. (a) This is an easy exercise.
(b) The first equality follows from (c) with A = 1, and the second from (d) with

a=p8=0.


http://dx.doi.org/10.20944/preprints201809.0258.v1
http://dx.doi.org/10.3390/math6100210

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 September 2018 d0i:10.20944/preprints201809.0258.v1

Taekyun Kim, Dae San Kim, Jongkyum Kwon, and Dmitry V. Dolgy 9

(c) /1 x™(1 — xz)k+’\_%dx

-1

=(1+(-1)™) /01 (1 — $2)k+>\_%d1‘

1 ! 1 mi1
5+ () [Ja— gyt g

1 1 m+1
—~(1+(-1)™B - T,

SO COMBR A+

The result now follows from (1.7).

(d) /_11 2™(1 — z)M (1 4 2)* Pz

1
:22k+a+,8+1 / (23/ _ 1)m(1 _ y)k+ayk+6dy
0

:22k:+a+,8+1 Z <m> 25(_1>m—s
S

s=0

1
X/ (l_y)k+a+1—1yk+ﬂ+s+l—1dy
0

=2k tetily <m> 2 (-1)" Bk +a+Lk+B+s+1).
S
s=0

The result again follows from (1.7). We can show the following lemma by differ-
entiating (1.9), as was shown in [21] and mentioned in [18].

Lemma 2.3. Let n,r be nonnegative integers. Then we have the following
identity.

Y GV U @) = g U@, 2

i1+iz+tipp1=n

where the sum runs over all nonnegative integers i1, 4o, - - - 4,41, With i1 + is +
e + iT+1 =n.
It is immediate to see from (1.16) that the rth derivative of U, (z) is equal to

n

(*z"]
(r) ) = 1\ n—1 e n—2lxn—2l—r. 2.9
v =3 0 (" -2 (2:2)
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10 Chebyshev polynomials of the second kind and Fibonacci polynomials
Thus, in particular, we have

n—k

(%5~
U @) =Y <—1>l(n+f l) (n 47— 2)p g 272 E2(23)
=0

Here we will show only (1.35), (1.37) and (1.38) in Theorem 1.1, leaving the
proofs for (1.36) and (1.39) as an exercise, as they can be proved analogously to
those for (1.41) and (1.44) in the next section.

With v, (z) as in (1.33), we let

’an ch lHk (24)

Then, from (a) of Proposition 2.1, (2.1), (2.3) and integration by parts k
times, we have

dk
Cra = Qkk'\/_/ ) g

oy dF
00 ()L oy

2’““/6'7"'\/_ / Unr (7 dxk

7‘+k e
= 2k+rk|rl\/_/ "+T (@)™ da, (2.5)

nk

2nk (%571

=i 2 ("*;_l> (n+7— 204k

x/ k2= g
— 0o

From (2.5) and invoking (a) of Proposition 2.2, we get

on— k nT ndr—1
Cra = NG Z ( ; >(n+r—2l)r+k
(2.6)
0, if k # n (mod 2),
X n ]
U ik = (mod 2).


http://dx.doi.org/10.20944/preprints201809.0258.v1
http://dx.doi.org/10.3390/math6100210

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 September 2018 d0i:10.20944/preprints201809.0258.v1

Taekyun Kim, Dae San Kim, Jongkyum Kwon, and Dmitry V. Dolgy 11

Now, from (2.4) and (2.6), and after some simplification, we obtain

1 Lis~ GV tr =)
T (®) = 3 Og;n k! ; 1=zt = 1)! Hikte)
k=n (mod 2)
3] i
1 1 (=D'(n+r -1
= — Hn—2] (.’E) :
A 2 a2 G o

7! jzoj'(n—2]) < —n—r>
(3]
(n+m)! 1
= F —r;—1)H,_oj
/r' ]:O j!(n_Zj)'l 1( j’ " ,r’ ) 2](:1:)

This shows (1.35) of Theorem 1.1.
Next, we let

’)’n,r(x) = Z Ck,SPk(m)' (28)
k=0

Then, from (c) of Proposition 2.1, (2.1), (2.3) and integration by parts k times,
we get

2k +1 1 ) d* 9 k
Ck,3 = W/ Un_,'_r(w)w(l‘ - 1) dx

-1

(—D*(2k+1) /1 (r+k) 2 k
= - — 1
2’“‘”“‘119!7“! . Un—i—r (.13)(.17 ) dz

n—k
_(2k+1)2”_k_1[2] L, /n+r—1
= 29

1
x/ "R — gk,

-1

From (2.8) and making use of the first equality of (b) in Proposition 2.2, we
have
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12 Chebyshev polynomials of the second kind and Fibonacci polynomials
o 2k +1)2n kL [n;k]( 1)1 n+r—1 (47— 20)
k3 = Jlr! 2.7 I nr T Sk
B (2.10)
0, if k #n (mod 2),
X 222 (n—k—20)1(2EE 1) L.,
"T*’“—l)!(n+k—22l+2)! , if k=n (mod 2).
From (2.8), (2.10), and using (1.4), we finally obtain
(3] .
22ntl 2l 2n — 45+ 1
,Yn,r(l‘) = rl 92j Pn—?j(x)
j=0
j 1y .
—)Vn+r—-D(n—75+1-=10D!
3 R e g1 -
— G =D 2n —25+2—20)!
) E @0 — 45 4 1) Py (2)
2l = (0= 4 3)n—jrd!
J : : 1
<—j><j-—n—35>
X ; < —n-—-r >
(04 )l R @4 £ DoFi (g —n—fimn—ril)
= . ‘ n—2j .
rl = (n—j—i—%)n_]—j! J
(2.11)

This shows (1.37) of Theorem 1.1.

Remark. In the step (2.10), if we use the second equality of (b) in Proposition
2.2 instead of the first, we would have the expression

(=2)" ~ (—2)%k!

£ (2k)!

Y, (T) =

(2%, 1y
(—=7)'(n+r—=1)

o ln—k—20)!

X

2F1(2l + k— ’I’L,k + 1;2k‘ + 2;2)Pk(l‘).

(2.12)

We note here that (2.12) is (1.39), with & = 8 = 0. This is what we expect,
as P,(x) = P,(LO’O)(x).
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Finally, we let
Tn, r Z Ck 40 )\) (213)

Then, from (d) of Proposition 2.1, (2.1),(2.3) and integration by parts k times,
we obtain

(k + )\)F()\) /1 (r+k) 2\k+A— 1
Cra= U 1— 2
BT okt rT (ke + A + l) L (@)1 -2 !

_ 2R+ AT n+r—I .
\/_F(k+>\+ lzg ( )(”+T—2l)r+k (2.14)

1
—k— _1
x/ G R 2R gy
—1

From (2.14), and exploiting (c) in Proposition 2.2 and (1.5), we have

("]

n—k N n—-—r-—
o2 (k+NI'WN) Z(_le)l( + l)(n+r—2l)r+k

' 7k + A+ L)r! l
vr 2 i (2.15)
{0, if k #n (mod 2),
X D(k+A+3)(n—k—20)/7 . _
P(EEE A i)z o (BE D if k=n (mod 2).
Making use of (1.6), and from (2.13) and (2.15), we finally derive
71, k]
() k+/\)(n+r—l) ey
'Yn,r(x) = n C (ZC)
P T
k=n (mod 2)
T (n+7)! 5 ["i] (k+ )
! oshen =0 ("7 EIT(2EE + A+ 1)
k=n (mod 2)
(=DM FE (2 + Mo
x N+ ) ¢ (@)
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14 Chebyshev polynomials of the second kind and Fibonacci polynomials

§=01=0
(=DM + A=) o
X l'(n—l— 7”)1 Cn—2j(x)
(3]

— jIT(n—j+ A +1) (2.16)

7=0 =
<—J><j—n—A>
oW
< —n—r> "_QJ(JE)
(A [Zz]:(n—23+/\(n+/\)
_Fn+)\+1r'

X 2 Fi(—j,j —n— X —n —r;1)0%, ()

This completes the proof for (1.38) in Theorem 1.1.

3. Proof of Theorem 1.2

Here we will show only (1.41) and (1.44) in Theorem 1.2, leaving the proofs for
(1.40), (1.42) and (1.43) as an exercise, as they can be shown similarly to those
for (1.35), (1.37) and (1.38).

The following lemma is stated in the equation (1.9) of [20] and can be derived
by differentiating (1.10).

Lemma 3.1. Let n,r be integers with n > 0, » > 1. Then we have the following

identity.
1 (r—1)
Y. Fun@Fupa(2)- Fi(e) = anw (), (3.1)
i1+ig4Fir=n ’
where the sum runs over all nonnegative integers 41,149, - , 4., With i1 + i5 +

ot =n.
From (1.17), it is easy to show that the rth derivative of F, 1 (z) is given by

(72

F @)=Y <” z_ l) (n—20),a" "2 (3.2)
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Thus, especially we have

n—k
51
\ -1 o
V@) =S (nﬂl )(n+r—21—1)r+k_1m” B2 (3.3)
=0

With &, () as in (1.34), we let
Tn, 'r Z Ck ZL( ) (34)

Then, from (b) of Proposition 2.1, (3.1), (3.3), (1.6) and integration by parts k
times, we have

Ch o= (T 1) —z ktayg
k2 F(a+k+1 r—1|/0 Fnir dxk(e v dz
= = plrtk— 1) e~ Tphtag

I‘(a—i—k—i—l r—l'/o ntr v

(%5%]
-1
(TH—T l )(n+r—21—1)r+k_1
0

:I‘(a+k+1 r—1)! =

00 (3.5)
X / e Ty te2 gy
0
_T(a+n+1) i (—1)F
o (r=1) D(a+k+1)
y [nik] (n+r—-1-1) L(a)(l‘)
— (n — k=20 (o + n)x k '
Next, we let
7nr ch SP(a ﬁ)( ) (36)

k=0
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Then, from (e) of Proposition 2.1, and (3.1), (3.3) and integration by parts k
times, we obtain

k+a+B8+1)'(k+a+pB+1)
QktatBfHID(k+a+ DI(k+ B8+ 1)(r —1)!

1
/ FOHF (@)1 — o) (1 + )P de
-1

_ Ck+a+B+1D(k+a+8+1)
T 2kt tBHD(k+a+ DI(k+ B+ 1)(r — 1)! (3.7)

(25%]
n+r—101-—1
X Z ( I )(n+7"_21—1)r+k—1

=0

Crs =

1
X / Dl 6 I Ll G IR Layet 8
-1

Now, from (3.7), and using (d) in Proposition 2.2 and (1.6), we have

(-D)"2k+a+B+1DI'(k+a+B+1)(-2)F
(r—DIMk+s+1)

y ZZ: n—|—7’—l—1)

=0
"Z’Cfl —2)T(k+B+s+1)
— slin—k— 2l—s)'F(2k+a+,3+s+2)

Crs =

X

(—D)"T(k+a+ B +1)(—2)F
(r—DIT2k+a+B+1)

= (htr—1-1)
I(n—k—20)!

X
=0

n 21

<24+k—-n><k+p+1>,2°

Ck—
. ZO <2%+a+pB+2>,s (3.8)

(-D)"T(k+a+ B+ 1)(-2)F
(r—=DIT2k+a+p+1)

3

k
" - }(n—l—r—l—l)!
2 (n — k- 21)!

x oy (2l +k—n,k+B+1;2k+a+B+2;2).
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As we desired, we finally obtain

n

o (-n D(k+a+ B+ 1)(—2)k
vn,r(fv)—(r_l);kz T2k +a+p+1)

=0
S N Y
x e R (k2 —nk+ B+ 1,2k 4+ a+ B+ 2;2) PP ().
— N(n—Fk—20)!
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