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There are three associates of the balancing sequence namely, the cobalancing,
the Lucas-balancing and the Lucas-cobalancing sequence. Each balancing-like
sequence is associated with a Lucas-balancing-like sequence. In the present work,
we construct the cobalancing-like and the Lucas-cobalancing-like sequences. Two
factor sequences namely the Pell-like and the associated Pell-like sequences are
identified. Further, for each balancing-like sequence, triangular-like numbers are
defined and certain properties similar to those satisfied by triangular numbers
are studied.
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1. INDRODUCTION

A balancing number B is a natural number satisfying the Diophantine
equation 1+2+---4+(B—1) = (B+1)+---+(B+ R) for some natural number
R, known as the cobalancer of B [2]. If B is a balancing number then 8 B2 +1 is
a perfect square and its positive square root is called a Lucas-balancing number
[8]. The n!* balancing and Lucas-balancing numbers are denoted by B,, and
C,, respectively and satisfy the binary recurrences

Bn+l = GBn - Bn—l7 Cn-i—l = 6071 - Cn—l

with initial values Bo =0, B1 =1, Co =1, C7 = 3.

A cobalancing number is a natural number b which satisfies 1+2---4+b =
(b+1)+---+ (b+r) for some r, known as the cobalancer of b [4]. If b is a
cobalancing number then 862 4 8b+1 is a perfect square and its positive square
root is called a Lucas-cobalancing number [8]. The n'* cobalancing and Lucas-
cobalancing numbers are denoted by b, and ¢, respectively and satisfy the
binary recurrences

bpy1 = 6bp —bp1+2, cpy1 = 6cp — o1

with initial terms bg = b1 =0, ¢g = —1, ¢; = 1.
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Balancing numbers, cobalancing numbers, balancers and cobalancers are
very closely entangled with each other. For example, every balancing number
is a cobalancer and every balancer is a cobalancing number and twice the sum
of first n balancing numbers is equal to the (n 4 1)* cobalancing number [4].
These numbers are also connected in many different ways.

The Pell and associated Pell sequences are defined by means of the binary
recurrences

Pn+1 =2P, + Pnfla Qn+1 = 2Qn + anl
respectively with initial terms Py = 0, P, =1, Qo = 2, 1 = 1. These two

sequences are connected by Q2 = 2P2 4+ (—1)", n = 1,2,---. An important
observation about these sequences is that the successive convergents in the
continued fraction expansion of /2 are Q,/P,, n = 1,2,---. In addition,

Bn:PnQnu n:1727"' [6]

As a generalization of the balancing sequence, Panda and Rout [7] studied
a family of binary recurrences defined by

Tnt+1 = Azp — xp—1 y20=0, z1 =1

and A > 2 is any natural number. Subsequently, these sequences were known
as balancing-like sequences [9] since the particular case corresponding to A =
6 coincides with the balancing sequence. Khan and Kwong [3] called these
sequences as generalized natural number sequences since natural numbers are
solutions of the binary recurrence z,11 = 22, — £,—1 with initial terms zg =
0, x1 = 1. These names are also supported by some identities satisfied by
each balancing-like sequence in which it behaves like the sequence of natural
numbers.

If z is a balancing-like number corresponding to a balancing-like sequence
with fixed A > 2, then D22 + 1, where D = A24_4, is a perfect square and its
positive square root is called a Lucas-balancing-like number [7]. The Lucas-
balancing-like sequences are linked with their balancing-like sequences similar
to the association of the Lucas-balancing sequence with the balancing sequence.
The Lucas-balancing-like sequences corresponding to even values of A have
integral terms, while those corresponding to odd values have terms which are
odd integral multiples of %

As we have discussed, there are three associate sequences of the balanc-
ing sequence, namely, the cobalancing sequence, the Lucas-balancing sequence
and the Lucas-cobalancing sequence. FEach balancing-like sequence has also
one associate sequence, its Lucas-balancing-like sequence. In this paper, we
construct two more associate sequences, namely, the cobalancing-like and the
Lucas-cobalancing-like sequences. We also construct the factor sequences of
each balancing-like sequence, and call them Pell-like and associated Pell-like
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sequences. Lastly, we define triangular-like numbers in such a way that these
numbers reduce to triangular numbers when A = 2.

2. AUXILIARY RESULTS

To achieve the aforesaid goals, we need some identities involving balanc-
ing, cobalancing, Lucas-balancing, Lucas-cobalancing, balancing-like, Lucas-
balancing-like, Pell and associated Pell sequences. Many identities of this sec-
tion will be needed in the subsequent sections for the constructions of new
number sequences associated with the balancing-like sequences.

In the following identities the balancing and associated sequences are ex-
pressed in terms of the Pell and associated Pell sequences. Proofs are available
in [6].

B_,=-B, C_,=0(C,
B, = P, nQn
Py, = 2B,
bon = PonQan—1, b2nt1 = PanQ2nt1
The following pair of identities can be proved easily using the Binet forms
of the balancing, cobalancing, Lucas-balancing, Lucas-cobalancing, Pell and
associated Pell sequences.

B — B
Cn:Q2n=n+1—n

5 L b, b + 1

bn+1 - bn

—1
Cp = Q2n71 = 9 =B, + B,

The identity

ananJrr = Bi - Bz
[5] confirms that the balancing sequence behaves like natural numbers. In
particular for r = 1, we have

Bn_1Bni1 = B2 - 1.

The balancing-like numbers also satisfy the above two identities. The cobal-
ancing numbers satisfy

bp—1bps1 = (by —1)* —1

[4] which somehow resemble the last identity. The cobalancing numbers are
also related to the balancing numbers as

y _—CBiA)+VEBAT Cam(@Batl)
n — 2 - 2 Y - Y Y
[2, 4] and are also connected by the sum formula

bp=2(Bo+B1+By+---+ By 1), n=12,---
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We have already seen in the last section that the balancing-like sequences
are defined recursively as

Tpy1 = Az — Tp_1, 29 =0, z1 = 1.

Using this recurrence, we can find their Binet form as

n _ Aan
I, = M, n=12,
A2 —4
where o = A+vAT—4 V2A2_4 and g = A=vAT—4 V22_4. Using the relationship 32 = Dz2 + 1
where D = %, we can have the Binet form for the Lucas-balancing-like
sequences as
n n
yn:#, n=1,2,

A point of caution in this connection is that all terms of the sequence {y, }2°
corresponding to an odd value of A are not integral; rather, each term of this
sequence whose index is a multiple of 3 is integral and rest terms are odd
integral multiples of % Using these Binet forms, we can obtain the one-step
shift formulas of balancing-like and Lucas-balancing-like sequences as

A A
Tptl = Exnj:yn: Exnj: Dz2 +1
and
A A 2 _1
ynﬂ:lzgynlinzgyni ynD 7”2172)

Taking the help of the identities and ideas of this section, we are now
in a position to construct the cobalancing-like and the Lucas-cobalancing-like
sequences corresponding to every balancing-like sequence.

3. CONSTRUCTION OF COBALANCING-LIKE SEQUENCES

We have already mentioned in the last section that the cobalancing se-
quence can be obtained from the balancing sequence in two ways,
 —(2B,+1)++/8B2+1

by = 5 ,n=1,2

and

bn:2<B0—|—Bl—|—BQ—|—~--+Bn_1), n = 1,2,---
These identities suggest defining the cobalancing-like sequences {z,}°2 ; corre-
sponding to the balancing-like sequences {x,}° ; by

—(2zn +1) + /D22 +1
Zn = 9 )

=1,2,---
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or
zn=2(xo+x1+x2+ -+ Tp_1), n=1,2,---.
If we use the former definition then its terms may be negative and/or fractional
in some cases. For example, if A = 3 then 1 = 1, x93 = 3, 3 = 8 and
consequently z; = _73, Z9 = _77, z3 = —4. Hence, we choose the later definition.
The terms of the cobalancing-like sequence corresponding to A = 3 are then
21 =0, 29 =2, 23 =8, 24 =24, z5 =66, zg = 176 and so on, one can easily
verify that
Zn41 = 32p — Zp—1 + 2
and
Zn—12n4+1 = (2n — 1)2 —1.
These two identities resemble the corresponding identities of the cobalancing
sequence. A natural question is: “Do these identities hold good for arbitrary
values of A?” The following theorem answers this question in affirmative.

THEOREM 3.1. Let A > 2 be an fized but arbitrary integer and {xy,}52 | be
a binary recurrence sequence defined by x,+1 = Az, — xpn—1 with initial values
zg =0, 1 = 1. Let {2,}72, be a sequence derived from {x,}22, by setting
20 =0 and z, = 2(xo + 21+ 22+ - + Tp_1), n = 1,2,--- Then {z,}32,
satisfies zp41 = Azn — 2n—1+ 2 and zp—12p+1 = (25 — 1)2 —1.

Proof. If z, = 2(x¢g + x1 +x2 + -+ + Tp—1), then

Azp — zp1 +2=2A(xo+x1 + 22+ - + Tp—1)
— 2o+ a1+ T2+ F+Tp_2)+2
=2{(Az1 —zo) + (Azg — 1)+ -+ (Azp_1 —zp_2)} +2
=2xe+x3+-Fxp)+2=2p41—24+2=2p11

from which the first part of the theorem follows. To prove the second part, we

observe that
Zn41 + Zn—1 — 2 _ Zn + 2n—2 — 2

Zn Zn—1

A=

from which it follows that
Znt1%n—1 — 22 + 22 = ZnZn—2 — 2o_q + 2251

and hence
Zn41%n—1 — zg + 22z, = 2920 — Z% + 2z = 0.
Consequently
Znt1%n—1 = sz — 2z,
from which the second part follows. [
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4. CONSTRUCTION OF LUCAS-COBALANCING-LIKE
SEQUENCES

The Lucas-cobalancing sequence {c,, }5° ; is associated with balancing se-
quence {By,}>°; by the relation
Cn:Bn_1+Bn, n= ]-525”' .
This motivates us to define the Lucas-cobalancing-like sequence {w,}>°  as-
sociated with balancing-like sequence {z,,}> ; as
Wy = Tp-1+Tp, n=1,2,---.
It is easy to see that the sequence {w,}>°  satisfies the binary recurrence
Wn+1 = Awp — wp—q

with initial values wg = —1, w; = 1 which is consistent with the fact that
the recurrence relation of the Lucas-cobalancing-like sequence is identical with
that of the balancing-like sequence [8].

For each n € Z*, 8b2 4 8b, +1 is a perfect square and by definition, 2 =
8b2 + 8b,, + 1. In the following theorem, we establish similar relationship in
the cobalancing-like and and Lucas-cobalancing-like sequences corresponding
to any given value of A.

THEOREM 4.1. If A > 2 is an arbitrary integer and {z,}o> | and {w,}72
are the cobalancing-like and Lucas-cobalancing-like sequences corresponding to
the balancing-like sequence {x,}°%,, then w2 = Dz2 + (A +2)z, + 1 for each
nezt.

Proof. By definition, for each n € Zt, w? = (z,_1 + z,)%. We set t,, =
Dz2 + (A +2)z, + 1. Observe that

w2 —wk = (g + Tpi1)? — (@Tao1 + 2)°

(1) = x%lr‘rl — &+ 220 (Tnt1 — Tp1)
= (Tpt1 + Tpo1 + 22,) (Tpy1 — Tp-1)
= (A4 2)xp(Tpt1 — Tn-1)-
In view of the definition of the cobalancing-like sequence, 2x, = 2,11 — 2,
for each n € ZT. Letting M = A/2, we get
Tp+l — Tpn—o1 = Axy — 221 = 2Mzy — 2251
= M(zn41 — 2n) — (20 — 2n-1)
(2) =M(znt1+2n) — (Azn — 2p—1 +2) — 2, + 2
= M(zps1 + 2n) — (Zna1 + 2n) + 2
= (M —1)(znt1 + 2n) + 2.
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Further,

tut1 = tn = D(zn1 — 23) + (A+2)(2n41 — 20)
(3) (M2 - 1)( Zn4+1 — ) + Q(M + 1)(Zn+1 - Zn)
= (A+2)zy [ (M~ 1) (2041 +20) +2 .

From equations (1), (2) and (3), w2,; — w2 = ty41 — t, follows. Since,
wy = t; = 1, it follows that w2 = t,, for each n € Z* and this completes the
proof. [

Note that if #, = B,, n € Z", then A = 6 and hence M = 3, D =
M? -1 =28, z, = by, n € Z" and the identity w2 = Dz2 + (A + 2)z, + 1
reduces to c2 = 8b2 +8b,, + 1, the well-known relationship between cobalancing
and Lucas-cobalancing numbers [4].

The cobalancing numbers enjoy the shift formulas

bpt1 = 3b, + /802 +8b, +1+1
bpn—1 = 3b, — /82 +8b, +1+1,

n=1,2,--- [4]. A natural question is “Can there be similar shift formulas for
the cobalancing-like sequences?” The following theorem answers this question
in affirmative.

and

THEOREM 4.2. Let A > 2 be an fized but arbitrary integer, M = A/2 and
{zn 152, be the cobalancing-like sequence corresponding to the balancing-like
sequence {x,}°2 . Then for n € Z*

(a) 2nt1 = Mzp + /D22 + (A+2)z, +1+1

(b) zn—1 =Mz, — /D22 + (A+2)z, + 1+ 1.

Proof. We will prove (a) only. The proof of (b) is similar. Observe
that \/Dz2 + (A+2)z, + 1 = w,. We set s, = Mz, +w, + 1. In view of
2o = 81 = 2, we need only to show that z,19 — 2,41 = Spi1 — 8, for n € ZT.
From the definition of the sequence {z,}5° , it follows that

n=1
(4) Zn42 — Znt1 = 2Tn41

and

(5) Snt1—58n = M(2n41—2n) + (Wnt1 —wp) = 2Mxy + Tyl — Tpo1 = 2Tp41

Comparing (4) and (5), one can get the desired result. [
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The balancing-like sequences are generalizations of the balancing sequence
and these sequences are termed as natural sequences since the case A = 2 de-
fines the natural numbers via a binary recurrence. What we are going to estab-
lish in the following theorem makes the balancing-like sequence corresponding
to A = 3 special.

THEOREM 4.3. The balancing-like sequence {xy}° | corresponding to A =
3 coincides with the sequence of even indexed Fibonacci numbers. Furthermore,
the corresponding Lucas-balancing-like sequence is the sequence of odd indexed
Lucas numbers.

Proof. First of all we will show that the sequence of even indexed Fi-
bonacci numbers satisfy a recurrence relation identical with that of the Balancing-
like sequence corresponding to A = 3. Setting G,, = Fo,, n=1,2,--- and in
view the relationship Fy11 = Fi+ Fi_1, we have 3G,, — G —1 = 3Fy, — Fop—0 =
2F2n + anfl — F2n + F2n+1 = F2n+2 = Gn+1. Further, Go = Fo = 0 and
G1 = F», = 1. Thus, the sequence {G,} coincides with the balancing-like se-
quence corresponding to A = 3. Hence, z,, = Fy,.

We next show that the Lucas-balancing-like sequence corresponding to
A = 3 coincides with the sequence of odd indexed Lucas numbers. Since
Ty = Fo, and Fy_1 + Fiy1 = Ly, it follows that

Wy = Ty, + Tp—1 = Fop +Fop_90=1Loy1, n=1,2,---

This completes the proof. [

5. FACTORIZATION OF THE BALANCING-LIKE SEQUENCES

It is well-known that each balancing number except 1 is composite and
is product of a Pell number and an associated Pell number. The same thing
happens for cobalancing numbers also. Panda and Ray [6] proved that for each
nezt

Bn = PnQny b?n = PnQQn—l; b2n—1 = Pn—lQQn—l-
The identity F5, = F,L, confirms that the balancing-like sequence corre-
sponding to A = 3 admits a factorization like the balancing sequence. Further,
one can check that the terms of each balancing-like sequence, except the first
and second, are composite. A natural question is: Is there a factorization of
every balancing-like sequence similar to the balancing sequence? In this sec-
tion, we answer this question in mostly affirmative. For each balancing-like
sequence {z, }>° |, we construct two sequences {p,}°>; and {g,}>2; such that
Ty = Pndn, n = 1,2,---. We call the sequence {p,}°, a Pell-like sequence
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while we call {g,}>2, the corresponding associated Pell-like sequence. The
identities Ps, = 2B, Pon_1 = Bn — Bn_1, Qan = (Bps1 — Bp_1)/2 and
Qon—1 = B + Bp—1 prompt us to define

Don = 2Ty, Poan—1 = Tpn — Tn—1,

(:En-&-l - -Tn—l)

5  Qon_1=1Tp+ Ty 1, n €L,

Qon =
Then
P2nG2n = Tn(Tpy1 — Tno1)
and using the identity zo + x4 + - -+ + X2, = Tpxpy1 [D], one can see that the
right hand side of the above identity is equal to x2,. Further,

Pon—192n—-1 = (wn - wn—l)(‘rn + xn—l) = .Z‘% - x%fl

and using the identity xq + 23 + -+ + 22,1 = 2 [5], the right side of the
identity becomes 2, 1. Hence, x, = p,q, for all n € Z*.

After factorizing the balancing-like sequences in terms of corresponding
Pell-like and associated Pell-like sequences, it is interesting to see what recur-
rence relations these factor sequences are obeying. The following theorem is
important in this regard.

THEOREM 5.1. The Pell-like sequences {pn};2 | satisfy the recurrence re-
lations

) 2pn + pn—1 if nis odd
Pt = (M —1D)pp, +pp—1 if nis even

with initial terms pg = 0,p1 = 1,p2 = 2,p3 = A — 1. Further, the associated
Pell-like sequences {qn}o2 satisfy

(M —1)gn+qn-1 if nisodd
an+1 = : )
2qn + qn—1 if nis even

with initial terms qo =q1 =1, go = M, q3 = A+ 1 where M = A/2.

Proof. The identities
2pok—1 + pak—2 = 2() — 1) + 2281 = 27k = Py,
and
(M = 1)pag + pak—1 = 2(M — 1)zp + T — Th—1 = Tpy1 — Th = D2k+1

establish the recurrence relation of the Pell-like sequences as stated in the
theorem. Further, recurrence relations of the associated Pell-like sequences
follow from
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T — Tp—

(M = D)gar-1 + ot = (M = 1) + 2pm) + =

(Azp — xp—1) + (Azp1 — zp—2) — (T + Tp—1)
2

(Tpt1 + o) — (T + The1)  Thg1 — Th—1

and

2qok + @or—1 = (Th+1 — h—1) + (@ + Tp—1) = (Tht1 + k) = Q2h41-
O

o0

With the help of the factor sequences {p, }°°; and {¢,}72; corresponding
to a given A > 2, we can factorize the corresponding cobalancing-like sequence.
In view of the identities 1 + 23 + -+ + Top—1 = x% and zo + x4 + -+ + To, =
TnTnt1, it follows that

DPokGok—1 = 2xk(Tp—1 + )
= 2[(%2 + x4+ + xgk_g) + (xl +x3+ -+ x2k_1)]
=2(x1 + 22+ -+ XTop—1) = 2ok

and

D2kq2k+1 = 22k (T + Tht1)
:2[(1’1+$3++1’2k,1)—|—($2—|—x4++x2k)]
=2z + @2+ -+ Tog) = Zopsl-

Thus, the cobalancing-like numbers have the factorizations

PrQn—1 if n is even
Z. =
" Prn—_1qn if m is odd.

It is important to note that the factorization x,, = Fb, = F,L, of the
balancing-like sequence corresponding to A = 3 is not same as that stated prior
to Theorem 5.1. The numeric values of the Pell-like and associated Pell-like se-
quences corresponding to A = 3 are 1,2,2,6,... and 1, %, 4, %, ... respectively.
The factor sequences of a balancing-like sequence corresponding to an even A
are integral while if A is odd then the terms of the corresponding associated

Pell-like sequence are odd positive integer multiple of %

For each value of A, each factor sequence is defined by means a com-
posite recurrence relations. However, the recurrence relations of these factor
sequences are identical (except the initial terms) whenever M — 1 = 2, that
is A = 6, which, in turn, corresponds to the balancing sequence. This shows
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the importance of the balancing sequence among the balancing-like sequences
excepting the case A = 3, which corresponds to the even indexed Fibonacci
numbers.

6. TRIANGULAR-LIKE NUMBERS ASSOCIATED WITH
BALANCING-LIKE SEQUENCES

As we have already seen, the balancing-like sequences, in some way, are
generalizations of the natural number sequence. In this connection, Panda [5]
proved some properties of balancing numbers. The natural numbers contain a
subclass known as triangular numbers. In combinatorics, these numbers appear
in choosing two objects out of n objects. If the Pascals triangle is arranged in
an infinite square, these numbers appear in the third row. The n'" triangular
number is defined as T, = w There are three important properties of
triangular numbers.

1. The sum of two consecutive triangular numbers is a perfect square.
2. If T is a triangular number then 81 + 1 is a perfect square.
3. If T is a triangular number then 97 4 1 is also a triangular number.

We define the nt" triangular-like number 7, corresponding the balancing
like sequence {z,,}>° ; defined by the recurrence x4+, = Az, —x,_1 with initial
values g =0, 1 =1 as

= TnTn41 _ Tnln+1

T2 A
With this definition, for n > 1 we have

-'En(xnfl + xn+1) T Az, 2
Tn—1+Tn = = =Ty

A A

which is consistent with the first property of triangular numbers mentioned
above. A property similar to the second one is given in the following theorem.

THEOREM 6.1. If7, is the n'" triangular-like number corresponding to the
balancing-like sequence {x,}5° | defined by the recurrence xyn4+1 = Axy — Tp_1
with initial values g = 0, x1 = 1, then (A% + 24)7, + 1 and (A% — 24)7, + 1
are perfect squares.

Proof. Using the identity x, 17,11 = 2 — 1 [5], we get

(A2 +24)7, + 1 = (A + 2)zpzpyr + 1

= (Tpt1 + Tn—1)Tnt1 + 22Ty + 1
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=2l g+ — 1+ 21 + 1= (Tng1 + 20)°.
In a similar manner

(A2 = 247 +1 = (wns1 — 70)
follows. O

It is also well-known that if 87"+ 1 is a perfect square for some natural
number T then 7 is a triangular number. However, if (A2 + 24)7, + 1 is a
perfect square for some natural number 7, then 7 need not be a triangular-like
number. Similarly, if (A2 —2A4)s+1 is a perfect square for some natural number
s, then s need not be a triangular-like number. The following examples clarify
the last two statements.

If 7 is a triangular-like number corresponding to A = 3, then 157+ 1 and
37 + 1 are perfect squares. However, 15.13 + 1 = 142 and 15.17 + 1 = 142,
but neither 13 nor 17 are triangular-like numbers. Further, 3.5 + 1 = 42, but
5 is not a triangular-like number. Indeed, if 7 is any triangular-like number
corresponding to A = 3 and if 7/ = 167+ 1, then it is easy to check that 157/ +1
is a perfect square, but 7/ is not a triangular-like number.

The following theorem, which is the converse of Theorem 6.1, provides
conditions, the fulfillment of which makes a natural number a triangular-like
number.

THEOREM 6.2. If A and T are natural numbers such that (A% +2A)7, +1
and (A? — 2A)7, + 1 are perfect squares then T is a triangular-like number
corresponding to the balancing-like sequence {x,}5° | defined by the recurrence
Tp+1 = Axy — xp—1 with initial values xg =0, x1 = 1.

Proof. Let us assume that

(6) (A2 —2A)7 4+ 1 = ¢
and
(7) (A2 +2A)7 +1=h?

We distinguish two cases:
Case I: A is even. Let A = 2K. In this case, equations (6) and (7) reduce to

(8) 8Tx 17+ 1= g
and

9) 8TkT + 1= h2.
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It follows from equations (8) and (9) that
?—-1 Tx1 K-1
-1 Tk K+1

which reduces to
(K 4+ 1)¢> — (K —1)h* =2
and the substitution G = (K + 1)g converts the last equation to
(10) G? — (K? —1)h* =2(K +1)
which is a generalized Pells equation. The fundamental solution of
G? — (K*-1)h*=1

isu+vvVK?—1=K++VK?—1 and in view of [1], the fundamental solutions
of (10) corresponds to

0<h<1, 0<|g|<K+1.

Since y = 0 is not a feasible solution, in view of equation (7), there is just

one fundamental solution of (10) namely, G+ hvK?2 —1=K+1+VK? — 1.
Hence, the general solution of (10) is given by

Got haVE2— 1= (K+1+VE2 - 1) (K+VE2 - 1) n=12,-
Thus,
(K+14+VEZ=1)(K+VE?—1)"" = (K+1- VK2—1)(K —vVE?>—1)""
2VEK2— 1
(VR (KVRP=T)" | (K1) (K—VE=T)" !
2VK?-1 2WEK2 -1

and in view of the Binet form of the balancing-like sequences, it follows that
hyp, =y + Tp—1. Substituting this value of h,, for h in (7), we obtain

hyp =

_ (rp +2p1)?—1 _ (2n +an_1)> =1
8Tk A(A+2)
_ Tn—1Tn+41 + -%'721_1 + 2%,Tp—1
A(A+2)
_ xnfl(anrl +xp—1+ 2xn)
A(A+2)

- xn;}xn =Tn-1, n=1,2,---
which shows that the possible values of 7 are nothing but triangular-like num-
bers of the balancing-like sequence defined by means of the binary recurrence
Tpt1 = Az, — xn—1 with initial values xg =0, z; = 1.
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If A is odd then from (6) and (7) we can obtain

-1 A-2

y2—1 A+2
and proceeding as in the previous case leads to the generalized Pells equation
(11) G? — (A® —4)h? = 4(A+2)

where G = (A+2)g. One fundamental solution of (11) is A+ 2+ v A% — 4 and
one can easily verify that its conjugate A +2 — v/ A2 — 4 is in a different class
associated with the fundamental solution A3+ A%—3A4—2+(A?+A—1)v A2 — 4.
Further, the fundamental solution of
G? — (A% —4)h? = (A+2)

is % + 4+1\/A2 — 4 and hence A% + A — 2 + (A + 1)v/AZ — 4 is another
fundamental solution of (11). Once again, it is easy to see that this solution
does not belong to the classes of solutions generated by the earlier two solutions.
For some values of A, we may have another fundamental solution corresponding
to G = 2v/A+ 2, h = 0 which is infeasible for the present case since h? > 1.
Using bounds for fundamental solutions [1], one can verify that there is no
more fundamental solutions associated with (11). It is important to note that

AP+ A-2+4+ (A+1)VA2—4=(A+2+ VA2 —4)q,
AP A% —3A -2+ (A + A-1)VA2—4=(A+2+ VA2 —4)a®

where
A3 —34 A%2-1

is the fundamental solution of 2 2
G? — (A* —4)h* = 1.
Hence, the general solution of (11) is given by

Gn+hpVA2 —4 = (A—|—2+\/A2—4)a”_1, n=12---

(A+2+ VAT 4o — (A+2 - VAT —4)p"!
2/ A2 — 4

Thus,

hp, =

(a+ Dot — (B +1)p""
A2 —4

a — ,Bn an—l _ /Bn—l
= +
Az —4 A%z —4
The remaining part of the proof is similar to that of the case when A is even.
This completes the proof. [

=ZTp + Tp—1.
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7. AN OPEN PROBLEM ASSOCIATED WITH
TRIANGULAR-LIKE NUMBERS

It is well-known that if T is a triangular number then 87 + 1 is a perfect
square and 97" + 1 is also a triangular number since 8(97" 4 1) + 1 is a perfect
square. If 7 is a triangular-like number corresponding to the balancing-like
sequence {z,}5°; defined by z,11 = Az, — x,—1 with initial values zp =
0, 21 =1, and 7/ = (A — 1)%7 + 1 then it is easy to check that (A2 —2A4)7' +1
is a perfect square, while if 7/ = (A + 1)?7 41, then (A242A)7' +1 is a perfect
square. However, for each A > 2, an important problem is to find a fixed
natural number L such that 7/ = L7 + 1 is a triangular-like number, that is,
both (A% — 2A)7" + 1 and (A% + 2A4)7’ + 1 are perfect squares. We leave it as
an open problem for the readers.
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