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Abstract: In this paper, a second-order nonlinear recursive sequence M(h, i) is studied. By using
this sequence, the properties of the power series, and the combinatorial methods, some interesting
symmetry identities of the structural properties of balancing numbers and balancing polynomials are
deduced.
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1. Introduction

For any positive integer n > 2, we denote the balancing number by B, and the balancer
corresponding to it by r(n) if

holds for some positive integer 7(1n) and By,. It is clear that r(n) = W, for example, r(2) = 2,

r(3) = 14, r(4) = 84, r(5) = 492. ..

It is found that the balancing numbers satisfy the second order linear recursive sequence B, 11 =
6B, — B,—1 (n > 1), providing By = 0 and B; = 1[1].

The balancing polynomials By (x) are defined by By(x) = 1, By(x) = 6x, Ba(x) = 36x% — 1,
B3(x) = 216x3 — 12x, B4(x) = 1296x* — 108x2 + 1, and the second-order linear difference equation:

Byi1(x) = 6xBy(x) — By 1(x),n>1,

where x is any real number. While n > 1, we get B,1 = 6B, — B,_1 with B,(1) = B, ;1. Such
balancing numbers have been widely studied in recent years. G. K. Panda and T. Komatsu [2] studied
the reciprocal sums of the balancing numbers and proved the following inequation holds for any
positive integer n:
1 21 1
7 < <5 -
By — By k; By By, —By-1—1

G. K. Panda [3] studied some fascinating properties of balancing numbers and gave the following
result for any natural numbers m > n:

(Bm + Bn)(Bm - Bn) = Bm+n “Bu—n.

Other achievements related to balancing numbers can be found in [4-7].
It is found that the balancing polynomials B, (x) can be generally expressed as

(3 Vo =1)"" = (s - Vo —1) ",

1
Bu(x) = 2v/ox2 —1
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and the generating function of the balancing polynomials B, (x) is given by

S Bu( ) 1
1— 6xt+t2 Z n( M

Recently, our attention was drawn to the sums of polynomials calculating problem [8-11], which
is important in mathematical application. We are going to study the computational problem of the
symmetry summation:

Bﬂl (x)Bllz (x) e Bﬂh+] (X),

ajt+ag+-+ap=n

where h is any positive integer. We shall prove the following theorem holds.
Theorem 1. For any specific positive integer h and any integer n > 0, the following identity stands:

Bﬂl (x)Bﬂz (x) e Bﬂhﬂ (x)

ar+ay+-tapp g =n

_ 1 i i n—z—i—j Buoin(0) f2nti—j-1 ’
2h . i fut 3x 2h —j = n—z | (3x)l i
where M(h, i) is defined by M(h,0) =0, M(h,i) = #j‘(ﬂ" all positive integers 1 < i < h.

In particular, for n = 0, the following corollary can be deduced.

Corollary 1. For any positive integer h > 1, the following formula holds:
h ‘
Y M(h,j) - jt- (3x) - Bj(x) =2" - hl- (3x)*.

=

The formula in Corollary 1 shows the close relationship among the balancing polynomials. For
h = 2, the following corollary can be inferred by Theorem 1.

Corollary 2. For any integer n > 0, we obtain

1 & . ) ' B, ;
a+b§:n3a(x)c3b(x)-3c(x) = ng( n—i+1D{E+1)(i+2)- (3x)+iz
* 721x2 lé(n_i+1)(”—i+2)(i+1) . B(r;;)?

For x =1, h = 2 and 3, according to Theorem 1 we can also infer the following corollaries:

Corollary 3. For any integer n > 0, we obtain

‘ =

n
. B, _;
Y (n—i+1)(i+1)(i+2) 2

Y. Bai1-Bp1-Beyn = 16 3

a+b+c=n i=0

I\)

n
B7<
+ Y (n—i+1)(n—i+2)(i+1) 23

31

3|~
O

=
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Corollary 4. For any integer n > 0, we obtain:

Y Bus1-Bpp1-Ber1-Bap
a+b+c+d=n
n

- =% —1 ' ' ' ' Buita
B 3%8¢J” D+ +2)(+3)(+4) - =5

1 X . . . , ) By_ii3
+ ﬁi:o(n_l+l)(n_1+2)(Z+1)(1+2)(l+3> 2
n

‘ 1 ] j i By—i
ﬁizo(n—1+1)(71—z+2)(n—z+3)(1+1)(1+2)_7&4‘

31

+

Corollary 5. For any odd prime p, we have the congruence M(p,i) = 0(modp), 0 <i < p—1.

Corollary 6. The balancing polynomials are essentially Chebyshev polynomials of the second kind, specifically
By (x) = Uy (3x). Taking x = Lx in Theorem 1, we can get the following:

uﬂl (x)uﬂz (x) T uﬂh+1 (x)
aytayt-tap g =n
_ 1 'f) (2h —j—1)! f:m—i+ﬁ!}%_wﬂﬂ. 2h4i—j—1
2ept oM (R (=D (=) xi i '

Compared with [8], we give a more precise result for Y 14, 4.0, =n Uny (X)Uay (x) - - - Uy, ., (x) with the
specific expressions of M(h, i). This shows our novelty.

Here, we list the first several terms of M(h, i) in Table 1 in order to demonstrate the properties of
the sequence M(h, i) clearly.

Table 1. Values of M(h,i).

M(hi) i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8

h=1 1

h=2 1 1

h=3 3 3 1

h=4 15 15 6 1

h=5 105 105 45 10 1

h=6 945 945 420 105 15 1

h=7 10,395 10,395 4725 1260 210 21 1

h=8 135,135 135,135 62,370 17,325 3150 378 28 1

2. Several Lemmas

For the sake of clarity, several lemmas that are necessary for proving our theorem will be given in
this section.

Lemma 1. For the sequence M(n, i), the following identity holds for all 1 < i < n:

(2n —i—1)!
2= (n— i)l (i — )l

M(n,i) =

Proof. We present a straightforward proof of this lemma by using mathematical introduction. It is
obvious that

0!

MA1) = oo =
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This means Lemma 1 is valid for n = 1. Without loss of generality, we assume that Lemma 1
holds for1 <n =hand all 1 <i < h. Then, we have

(2h—i—1)!
M) = S = =)
Mhi+1) = (2h—i—2)!

=1 (g —i— 1)l
According to the definitions of M(#,i), it is easy to find that

Mh+1,i+1) = (h—1—i)-M(hi+1)+M(hi)
2(h — i)
[T
i (2 — i)

M) = S
@h+1) = (i+1) —1)!
2 (= i) -1l

= (2n-1-1i)- - M(h,i) + M(h, i)

Thus, Lemma 1 is also valid for n = h + 1. From now on, Lemma 1 has been proved. O

Lemma 2. If we have a function f(t)
|t| < |3x|, the following identity holds:

= m, then for any positive integer n, real numbers x and t with

n (0
2l ) = Y M) L)

= (3x _ t)2n7i’

where f\0)(t) denotes the i-th order derivative of f(t), with respect to variable t and M(n, i), which is defined in
the theorem.

Proof. Similarly, Lemma 2 will be proved by mathematical induction. We start by showing that
Lemma 2 is valid for n = 1. Using the properties of the derivative, we have:

F1(8) = (6x —21) - f(1),

- 7o)

3x —t

22 = LU~ M. SO

This is in fact true and provides the main idea to show the following steps. Without loss of
generality, we assume that Lemma 2 holds for 1 < n = h. Then, we have

(@) (¢
Zh,hl h+1 ZM’“ BXJC_E);“ 2)

As an immediate consequence, we can tell by (2), the properties of M(,i), and the derivative,
we get

-y -fh< £ =2 1) (e ) )
i M(h D (4 i w F@ )

2h i+1
z:l i=1
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- Z T i)gzih’f - 1) £ 1)

h+1,h+1 M(h+1,1) (h+1,i+1 :
= W-f<h“)(t)+(3(x_t)- F1(0+ Zl —Zh) A0
1

- (3x _ t)h f (t) + (3x _ t) + Z 2h+1 i f (t)

h+1 f(i)(t)
= Mh+1,i) —F———.

z‘; (h+1,i) (3x — )i ®)

Then, it is deduced that

ht1 (i)
2L (1) (Bx—t) - () = ; M(h+1,i) - (BXL)(;L“

or
ht1 (i)

Thus, Lemma 2 is also valid for n = h + 1. From now on, Lemma 2 has been proved. O

Lemma 3. The following power series expansion holds for arbitrary positive integers h and k:

FU () (n—i+h)! B,_iin(x) i+k—1 "
(3x—t)k 3xkz<Z (n—i)! (3;})1i < i ))t'

where t and x are any real numbers with |t| < |3x|.

Proof. According to the definition of the balancing polynomials B, (x), we have:

0= g = LB

For any positive integer /1, from the properties of the power series, we can obtain

() = i(n+h)(n+h—1)~-(n+1)~Bn+h(x)-t”

_ i (1)t g ) o “

For all real t and x with |f| < |3x|, we have the following power series expansion:

11 i g
3x—t  3x /= (3x)"

and

1 1 & n+k-1 ¢
(Bx— 1)k (3x)F .,;) ( n ) (B ®)
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with any positive integer k. Then, it is found that

B 1 2 (n+h)! " = [ n+k—1 t"
= (3x)k . (20 ol 'Bn+h(x) -t ) (,,g]( n ) ’ (3x)n>

1 & i+ 1)1 itk—1 1),
(3x)k20<.. (]7! ! 'Bf+h<x)'< o >'(3x)i>t

n= i+j=n
B 1 & (& (n—i+h) ‘ [itk=1) 1 .
- (Bx)k n;o (;O(n_i)!‘anJrh(x) ( ; ) (3x)i> t",

where we have used the multiplicative of the power series. Lemma 3 has been proved. [

3. Proof of Theorem

Based on the lemmas in the above section, it is easy to deduce the proof of Theorem 1. For any
positive integer /1, we can derive

h+1
2 pt () =21t (Z By (x )
= 2"y ( Y Bul(x)Baz(x)---BﬂhH(x)> St (6)
n=0 \a+ax+-+ay1=n

On the other hand, by the observation made in Lemma 3, it is deduced that

ot ~fh+1(t) — i M(h,j) . f(])(t)

=1 (3x — )2~
& M) (& (& (i) N 2h+i—j—1 1\ .,
- ]; (3x)2h7j ’ (ngo <1;0 (Vl—i)! 'Bn—z-i-](x)' ( i ’ (3x)i t
o M(h,j) (& (n—i+j)! Buoivj(x) [ 2n+i—j—1 ,
-4 (E Gep e i B ( ; )) " 7
Altogether, we obtain the identity:
Zh ~h! Z Bﬂl (x)Bﬂz(x) e Bﬂh+1 (x)

ay+axt-Fay g =n

: (=i ) Buinj(x) [2h4i-j-1
gD i bt (301 501)

This proves Theorem 1.

4. Conclusions

In this paper, a representation of a linear combination of balancing polynomials B;(x) (see
Theorem 1) is obtained. Moreover, the specific expressions of M(h, i) is given by using mathematical
induction (see Lemma 1).

Theorem 1 can be reduced to various studies for the specific values of x, n, and / in the literature.
For example, if n = 0, our results reduce to Corollary 1. Taking & = 2, our results reduce to Corollary 2.
Taking x = 1, h = 2, 3, our results reduce to Corollary 3 and Corollary 4, respectively.
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