FURTHER CLOSED FORMS FOR FINITE SUMS OF WEIGHTED
PRODUCTS OF GENERALIZED FIBONACCI NUMBERS

R. S. MELHAM

ABSTRACT. The finite sum

n

—i Fn+2
22 zFi71 =1- n
i=1 2

occurs in Section 9.1 of Knott [1], and is the inspiration for the present paper. We refer to the
term 27% in the summand as the weight term. Here, we present seven families of such finite
sums that we believe to be new. In each of these seven families, the product that defines the
summand can be made arbitrarily long. The sequences that we employ are generalizations of
the Fibonacci/Lucas sequences.

1. INTRODUCTION

Let a and b be integers with (a,b) # (0,0)._For any non-zero integer p, we define, for all
integers n, the integer sequences {W,} and {Wn} by

Wy (a,b,p) = Wy, = pWy_1 + Wy_a, Wy =a, Wy =0, (1.1)

and
Wn(aa byp) = Wn = Wn—l + Wn+1-
With A = p? + 4, it follows that

W, = AW, (1.2)

Identity (1.2) is used, for instance, if we take {H,} to be {L,} in S or S7 (see Section 2).

For (a,b,p) = (0,1,1), we have {W,} = {F,}, and {W,} = {L,}, which are the Fibonacci
and Lucas sequences, respectively. Taking (a,b) = (0,1), and allowing p to remain arbitrary,
we write {W,,(p)} = {Uy,}, and {W,(p)} = {V,,}, which are integer sequences that generalize
the Fibonacci and Lucas sequences, respectively.

When we specialize (1.1) by taking p = 1, and allow a and b to remain arbitrary, we
write {Wy,}={H,}. Thus, {H,} and {H,} satisfy the same recurrence as {F,}, and are
generalizations of {F),} and {L,}, respectively.

Let a and 8 denote the two distinct real roots of 22 — px —1 = 0. Set A = b — a3 and
B = b — aa. Then the Binet forms for {W,,} and {Wn} are, respectively,

Aa™ — BS™
n — — 5 1.
Wo= =0 (1.3)
and
W, = Aa" + BB". (1.4)

Before proceeding, we introduce some familiar notation to make the statement of our for-
mulas more succinct. Throughout our presentation, we employ i as the dummy variable, and
take, for instance, [F;];" to mean Fy, — Fjp,.
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The finite sum

n n
i Frnyo Fito
E 27 Fia=1-— :—[;i h (1.5)

occurs in Section 9.1 of Knott [1], where other references for this sum are given. Prompted by
(1.5), we undertook a search for analogous sums where, in each case, the summand consists of
a lengthier product. Our search resulted in seven multi-parameter analogues of (1.5), which
are the topic of this paper. In all cases, the summand involves a product of terms from
the sequences that we defined earlier. We present seven main results, each of which can be
specialized to the Fibonacci/Lucas numbers. Furthermore, in each of our main results, the
length of the product that defines the summand is governed by the parameter j, which can be
arbitrarily large.

When conducting our research, we began by searching for results that hold for the sequences
{H,} and {ﬁn} From these results, we determined those that hold for the more general
sequences {W,,} and {Wn} The distinction between these two types of results is determined
by the validity of certain key identities that we list in Section 3, and that are required for the
proofs. For instance, the final four identities in the array (3.15) hold for sequences generated
by (1.1) with p = 1, but do not hold for arbitrary values of p.

In Section 2, we define the seven finite sums of weighted products of generalized Fibonacci
numbers that are the topic of this paper. In Section 3, we present our main results, which are
the closed forms of the seven sums defined in Section 2. We also provide a sample proof. In
Section 4, we give several special cases of our main results for the Fibonacci/Lucas numbers.
We conclude with Section 5, where we present a limited number of similar sums that involve
squared factors.

2. THE FINITE SUMS

For all the finite sums that we define, the upper limit of summation is n, a positive integer.
Furthermore, for the remainder of this paper, 7 > 1 and k # 0 are assumed to be integers.
We now define seven finite sums of weighted products whose closed forms we give in the next
section. The first three finite sums involve sequences generated by the recurrence given in
(1.1), in which p # 0 is an arbitrary integer. These finite sums are

(n, 4,k Z J_k Wei - Wiirj—)Wii-1)+1, Jk # 1,
(n,J, k Z Usitii Wi -+ WiGi4j—2yWi(i—1)—1, 7k # —1, and
(n,J, k Z Vi Wi+ Wi j—2)Wh(i—j—1)-
Next, we define four finite sums that involve sequences generated by the recurrence given

n (1.1), in which p = 1. These finite sums are
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Si(n, j, k) = Zn:(—l)ifﬁi_ngi o Hyyj—oyHy-1)+2, Ik # 2,
=1

S5(n,j,k) = z": Fﬁszl@i o Hyyj—oyHii—1)—2, Jk # =2,
=1

Se(n,j,k) = Zn:(_l)iLj_ij_lHki - Hyipj—oyHpi—1)41, and
i—1

Sq7(n,j,k) = E”: Lj_;fHHki o Hygvjo)Hy(i—1)—1-
=1

Each of the finite sums that we define above has a so-called weight term. For instance,
for Si(n,j,k) the weight term is U ﬁj_l. Excluding the weight term, the length of the prod-
uct in each of the finite sums S;(n,j,k), 1 < i < 7, is 7. When j > 2, it is straightfor-
ward to write down each summand. For example, when j = 2 the summand of Si(n,j, k) is
Usie i WriWi(i—1)+1-

When j = 1, the summand of each of the S;(n,j, k) is to be interpreted as the product of
the weight term, and the last factor in the product that defines the summand. For instance,
for j =1 the summand in Sy(n,j, k) is to be interpreted as U,;lek(i_l)_l.

3. THE CLOSED FORMS AND A SAMPLE PROOF

In this section, in Theorems 3.1 and 3.2, we give the closed forms for each of the finite sums
defined in Section 2. At the end of this section, we also provide a sample proof. Our first
theorem gives the closed forms for Sy, Sz, and Ss.

Theorem 3.1. Suppose j > 1 and k # 0 are integers. Then, with the constraints on j and k
given in the definitions of Sy, Sa, and Ss, we have

. 1 [ Wi Wigajon |
Sl(”?]ak) = U— Ui ez 1)] ) (31)
Jk jk—1 0
1 [We Wi |
Sa(n.j.k) = 5 y o Ll GE) ”] , and (3.2)
gk jk+1 0
. , Wi Wi i "
s?,(n,y,k):(—l)ﬂ““[ e ”] - (33)
Jk 0

Our next theorem gives the closed forms for Sy, S5, Sg, and S7.
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Theorem 3.2. Suppose j > 1 and k # 0 are integers. Then, with the constraints on j and k
given in the definitions of S4, S5, Sg, and S7, we have

[ e Hygy ]
S4(7’L,j, k) = F— Fi ez 1)] ) (34)
j k=2 0
, 1 [Hy o Hyajony |
SS(n7,77k) = _F— i Az 1)] ’ (35)
ik jk+2 0
1 [(=V)iHg - Huyirin |
Sﬁ(”aj? k) = F— ( ) kLl ez 1)] ) and (36)
gk jk—1 0
. 1 [He Hyrjony |
Sz(n,j, k) = T I Az 1)] : (3.7)
J jk+1 0

We conclude this section with a proof of (3.1). The method of proof that we employ can
also be used to prove each of (3.2)-(3.7).
A key identity that we require for the proof of (3.1) is

Witn+j) — Ujk—1Win = UjpWin+1, (3.8)
which is true for all integers j, k, and n. To prove (3.8), we transpose the product on the right
to the left side, substitute the Binet forms, then expand and factor the expression that results
to obtain

—(Oéﬁ + 1)Ujk_1 (bU}m + aU;m_l) . (3.9)
Since af = —1, (3.8) follows from (3.9).

Denoting the right side of (3.1) by r(n,j, k), we see, after some calculations, that the
difference r(n + 1,5, k) — r(n, j, k) is given by
1 Witne1) — Ue—1Win
<k(+1) klk)jjzl

Uk Un+1
k=l (3.10)
Witms1) Wrnei—1)  Wimrj) — Ujk—1Win
U X ) , J =2
j Ui
Then, with the use of (3.8), we see that the quantities in (3.10) become
I:L_:_ll :Sl(n+17]7k)_sl(n7]7k)7 le
Vi (3.11)
Wiinat)  Wiina i1y Win :
Kol :—i(-l—i—] D kel :Sl(n+17j7k)_sl(n7jvk)7 322
Ujk—1
Together, (3.10) and (3.11) show that
T(?’L + 17j7 k) - T(”aj? k) = Sl(n + 17j7 k) - Sl(”aj? k)a ] > L (312)
In light of (3.12), to complete the proof of (3.1) it is enough to prove that

We consider the cases j = 1 and j > 2 separately. In each of these cases, we write down the
left and right sides of (3.13) and simplify. Accordingly, we are required to prove that

Wi — Ui Wo = UpWh, j =1,

Wik — Uy Wo = Ui, j = 2. (3.14)
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Both of the equalities in (3.14) follow from (3.8), and this completes the proof of (3.1).
For the proof of each of (3.2)-(3.7), we require an identity that is analogous to (3.8). To

assist the interested reader, we record these identities below. They are, respectively,

Witn+) — Uik+1Wkn = UjgWin—1,

Wentj) — VieWin = (1) Wiy,

Hynyj) + Fijg—2Hin = FjHgnto, (3.15)
Hynyjy — FigroHgn = —FjHgn—2, '
Hyntj) + Ljk—1Hgn = FjpHppy1, and

Hyntjy — Lik1Hin = —FjeHpn—1.

4. SPECIAL CASES OF (3.1)—(3.7)

Keeping in mind the conventions we outlined in the final two paragraphs of Section 2, we
now consider some special cases of our main results.

In (3.2), take {W,} to be {F,}, and in (3.5) and (3.7) take {H,} to be {F,}. In each of
these cases, let (j, k) = (2,1). Then (3.2), (3.5), and (3.7) become, respectively,

n

. F,F,
22 'FiFi_p = nTnH,
i—1

n

; . F,
> 3TRFs =", and
i=1

n

i F,F,
24 ZELi—Z — TL4:+1'
=1

In (3.4), take {H,} to be {F,}, and let (j,k) = (3,2). Then (3.4) becomes

n

> (—1)'37 5 Fyiyp = (
i=1

In (3.5), setting j = k = 1 and taking {H,} to be {F),}, we obtain

_1)n % F2nF2n+2F2n+4
8 3" '

n

L F
S o i_3:—2—:,n21. (4.1)
=1

In (4.1), we replace the running variable i by ¢ 4+ 2, then multiply both sides of the resulting
sum by 4 to obtain

n—2
i F,
Y. 2 Fa=-5tn>l (4.2)

i=—1

Now, transposing the first two terms of the sum on the left side of (4.2) to the right side, we
have

n—2

i Fy
22 t i_lzl—w,nzzg.
i=1
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Then, replacing n by n + 2, we obtain (1.5), valid for n > 1. Similar manipulations yield the
Lucas counterpart of (1.5), which is

d 2L =3— ;‘:2,71 > 1.
=1

Finally for this section, in (3.6), take {H,} to be {F,}, and let (j,k) = (2,1). Then (3.6)

becomes
n

N (1) By = (<1)" FuFa.

i=1

5. CONCLUDING COMMENTS

Results analogous to those presented above, where the summand or the closed form involve
squared factors, seem to be rare. We have discovered only two such results. These results are

n n
. _ H?
> 27%H; 3H,; = — [2—2} and

i=1 0
(5.1)
n 2172 2 n
o — 1 [H/HZ H,
Z S2UH2HZ H, o H; = 1 [%} ,
i=1 0
The key identities required for the proofs of the sums in (5.1) are, respectively,
H2, ,—9H? | =4H, oH, and
AH?> | — H?=H, 3H,.
When we replace {H,} by {F,}, the two sums in (5.1) become, respectively,
n
9 F?
Z 27 %F oL, = —277; and
i=1
(5.2)
n 2 12 2
iy 1 EFpF  Fr,
23 22FZ-2FZ-2+1Fz‘—2Lz‘ =1 %
i=1

Readers interested in the results presented here may wish to consult the recent paper [4].
In [4], we present closed forms for products similar to those in the present paper, but which
involve the weight terms U;gjﬂ, V;k_ L F’;,;ilz, and ngil The papers [2, 3, 5, 6], with the
references that they contain, are concerned with the broad topic of closed forms for finite
sums of products of Fibonacci/generalized Fibonacci numbers.

Finally, for all the results contained in this paper, our process of discovery involved some
guessing, and the examination of numerical data.
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