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Abstract: In this paper, we introduce the fourth-order linear recurrence sequence and its generating
function and obtain the exact coefficient expression of the power series expansion using elementary
methods and symmetric properties of the summation processes. At the same time, we establish some
relations involving Tetranacci numbers and give some interesting identities.
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1. Introduction and Results

Let n > 1 be an integer, the Fibonacci polynomials F,(x) are defined by the second-order linear
recurrence sequence
Fpi1 = an(x) + Fy1 (x)/

with initial conditions Fy(x) =0, F; = 1.
The generating function of the Fibonacci polynomials F,(x) is given by

: i
—— =) FE,(x)t"
1—xt—t2 =

In particular, for x = 1, F, = F,(x) are the famous Fibonacci numbers. These polynomials and
numbers play extremely vital roles in the mathematical theories and applications and a significant
amount of research has been carried out to obtain a variety of meaningful results by several authors
(see [1-15]). For example, Yuan Yi and Wenpeng Zhang (see [16]) researched the computational
problem of the summation:

Z Fﬂl(x)Fﬂz(x)”'Fﬂh+1(x)~

aytay+-tap=n

Yuankui Ma and Wenpeng Zhang (see [17]) acquired a different expression about the summation
by introducing a new second order non-linear recursive sequence.

In [18], Taekyun Kim and others studied the properties of Fibonacci numbers by introducing the
convolved Fibonacci numbers p;(x), which are given by the generating function

(1_1}1_#)" = ﬁpn(x)f:!, (x € R).
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The authors gave a new formula for calculating p,(x) by the elementary and combinatorial
methods, and obtained some new and explicit identities of the convolved Fibonacci numbers, including
the relationship between p;,(x) and the combination sums about Fibonacci numbers.

In this paper, we consider the Tetranacci numbers H, (see [19]), which are defined by the
fourth-order linear recurrence relation

Hy=H, 1+H, »+H, 3+H,_4, n>4,

with Hy=Hy =0,H, = Hz3 = 1.

It is obvious that Hy =0, H; =0, H, =1, H3 =1, Hy =2, Hs =4, H, = 8, H; = 15,Hg =
29, Hy =56, Hjp =108, ------ .

The Tetranacci numbers can be extended to negative index n arising from the rearranged

recurrence relation
Hn—4 = H;, — Hn—l - anz - Hn73/

which yields the sequence of “nega-Tetranacci” numbers, H_ 1 =0, H., =1, H 3= -1, H 4 =
00H5s5=0H¢ =2 H,=-3Hg=1 Ho9g=0----- .
The generating function of the Tetranacci sequences Hj, is given by

1 [e9)

— n

1I—t—£2-p—# " ZOH””t‘
n—=

Tetranacci numbers have important applications in combinatorial counting and graph theory,
W. Marcellus E (see [20,21]) studied the arithmetical properties of H,, Rusen Li (see [22]) obtained
some convolution identities for H,. Moreover, the summation calculation for different sequences
is one of the hot topics in number theory, and many scholars have obtained a series of interesting
results (see [23,24]). Therefore, it is very meaningful to further study the properties of the Tetranacci
sequences. Inspired by the above references, for a real number x € R, we can define a new function
Hy,(x), which is given by

1 X [ee] "
(1tt2t3t4> = ¥ Hi(or" M

The main purpose of this paper is to study the relationship between H, (x) and H,, and to prove
some computational formulas of the fourth-order recurrence sequence by applying the elementary
method and the symmetry properties of the summation processes. That is, we shall prove the following;:

Theorem 1. For a real number x € R and any integer n > 0, we have

- 1 dx(a) x(h) x(c) x(d)
Hy(x) = za+b+§d:n - 7l Wjﬁsd—asd—bsd—c
1 dx(”) 12(0) x(c) ()
o A U T g SaeSaee

"‘Sd—bSZd—a—c + Sd—cSZd—a—b - 254d—n) ’

where
Sy = 4H, 12— 3H, 41 — 2H, — H, 1, (r € Z),
Y denotes the summation over all four-dimensional nonnegative integer coordinates (a,b, c,d) such
a+b+ct+d=n

thata +b+c+d =n,and x© =1, x(V) = x(x +1)(x +2) - - - (x + n — 1) for all positive integers n.

According to this theorem, we can obtain the following corollaries:
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Corollary 1. For any integer n > 0, we have

1
Hppo = 5 Y (—1)%S4-0Si-pSa—c
a+b+ct+d=n
1
~5a Y (1) (Si-4S2a—b—c+ SabS2i-a-c
a+b+c+d=n

+S4-cS2d—a—b —2S44—n) -

Corollary 2. For any integer k > 0 and n > 0, we have

Z Ha1+2Hu2+2 o Hak+2
a1 +ay+---+ag=n

(a) (b) (o) (@)
1y K KO K

= = - 7775d7 Sd,bSd,
24 = al bl cl dr ‘
1 dk(a) k®) (o) g (d)
24 U B e ar (d-adadnc

a+b+c+d=n
+S4-bS2d—a—c + Sd—cS2d—a—b — 2S4d—n) -

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

g (J 1 [y (2a=3)11 (2b —3)1 (2c — 3)!! (2d —3)!!
"\"2) T 24.2m (=1) al b! c! d!
a+b+c+d=n
“(S4-aS2d—b—c + Sda—bS2d—a—c + Sd—cS2d—a—b — 2544—n)
1 2a —3)1! (2b —3)!! (2¢ — 3)!! (2d — 3)!!
L p (ape @ s pe- o pd-y)
"C atbtotd=n & : ¢ :

“Sa—4Sd—bSd—cs

where the double factorial is defined as n!! = 2 x4 x 6 X --- X n for even positive integers and n!! =
1 x 3 x5 x - x n for odd positive integers.

Corollary 4. For any integer n > 0, we have

1 1 (2a)! (2b)! (2¢)! (2d)!
Hy (2> T 24-4n HHWZH(_l)d(a!)2 (b1)2 (c!)2 (d")2
a)! (2b)!
“Si—aSa—bSd—c — ﬁ a+b+§rd:n(_1)d Ei))z Ei!))z
(2¢)! (2d)!

WW (Sq—aS2d—b—c + Sa—bS2d—n—c
+S4-cS2d-a-b — 25451,7,) .

2. Several Simple Lemmas

To complete the proof of the theorem, we need the following two simple lemmas, which are
essential to prove our main results.

Lemma 1. For any integer r € Z, we have

S, = tq + té + tg + tz =4H,,» —3H,y1 —2H, — H,_1,

where ty, ty, t3 and ty are the four roots of the equation t* — 3 —t2 —t —1 = 0.
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Proof. Itis obvious that H,, can be expressed the formula
H, = Cltif +coth + Cgtg + C4tZ. 2)
Since Hy = Hy = 0, H, = H3 = 1, so we can get the system of equations

c1+cp+ce3+cs =0,

c1t1 4 cotr + caty + caty =0,
att+ots ot +at; =1,
afd + 38 +cat3 +eats = 1.

®)

On the other hand, we observe that t; + fp + t3 +t4 = 1, fats + totg + taty = —1 — (f1£2 + t1t3 +
tits) =18 —t — 1, titataty = —land 1 = t] — 15 — 13 — 1.
It is clear that the Equation (3) implies

f 1
AT —t)h—t)(h—t) —B+50—25 -1
Cy) = t2 = 1 ,
(o —t1)(lr—t3) (2 —ts) —B+55—-2t,—1 N
C3 = s = 1 , (
(ts—t)(ts —ta)(ts —ts)  —13+5t5—2t3 -1
4= ts _ 1 '
(ts—t)(ta —ta)(ta —t3)  —13+55 —2t4 — 1

Then note that (4) can also be written as

o (-8 +58 -2t -1
o (—B+58-2t—1
o3 (-8 +55 -2 -1
Cyq (—ti + 51& - 2i’4 -1

—Clt:13 +5C1f% - 2C1t1 —C1 = 1,
*sz% + 5C2f% — 20ty —cp =1,
—C3t§ + 5C3t§ —2c3tz3 —c3 =1,
= —C4t2 + 5C4ti - 2C4t4 —C4 = 1.

— — — —

Thus, we have
=0 (—t'{ 512 2ty — 1) £ = —c 13 4 By 72 — 2007+ — ¢y},
£ =c, (_tg 58 — 2ty — 1) th = —coth T3 4 Bt 2 — 20,65H — oo,

th=c3 (—83 +5t5 — 2t5 — 1) t§ = —c3ty ™ + Beath ™ — 2e3t5 ™ — c5tf,

t=c4 (—ti 512 Dty — 1) B = —cqt T3 4 Byt — 204t — eyt
Hence, by (2) and (5), we immediately obtain
Sy = H+th+th+1t
— r+3 r+3 r+3 r+3
= — (afP 4o+ oyt
+5 (le}i—i—z + Czt;rz + C3t§+2 + C4f2+2>

2 (cltg” oty ety + C4t2+1)
— (c1#] + coth + c3ty + caty)

= —H,;3+5H,4» —2H,;1 — H,

= 4H,., —3H,.1 — 2H, — H,_4.
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Now we have completed the proof of Lemma 1. O

Lemma 2. For a real number x € R and any integer n > 0, we have

x(a) x(b) x(c) x(d) 1

a+b+c+d=n
1 x(“) x(b) x(c) x(d)
- — (1) = =S, ,S4_pS4_
24 u+b+§d:n al Br ol Tt ‘
1 dx(”) x(b) x(c) x(d) S S
24 I TR TR TR

24 a+b+c+d=n
+S4-5S2d—a—c + Sa—cSod—a—b — 2544—n) -

Proof. For any non-negative integers 4, b, c and d, we have

(t‘f’“ ey ti’”) (t;“’ db by tZ’b) (t‘f’c e et tff’c)
- (t‘f*“ il ey ti’“) (t%d*”*“ f2Abme g 2d ey tid*b*C)

+ (t‘f‘b I E Lt ti‘b) (t%d‘“‘c  fpAmae g 2dmae tid—“—f)

+ (t‘f—f el 4 ti‘c) (t%d—“‘b 4 f2Amaby 2dab tid—”—h)

_» (t?dfafbfc 4 tgdfafbfc + tgdfafbfc + tidfufhfc)

pdmapd=byd=e g pdmagdoepd=b y ydmagd=byd=c 4y gdoepd—ayd b
(—1)?

X i 4] tham”
{ijkm} B tot5E"

=84-4S2d—b—c T Sa—S2d—a—c + Si—cS2d—a—b — 2834—a—p—c +

where {i,j, k,m} go through permutations of {a,b,c,d}. U

Observe that the non-negative integers coordinates (a, b, ¢, d) witha + b+ c +d = n is symmetrical,
then we can obtain

(@) x(0) x(c) x(d)
X X X X
Y e ar (s )
a+b+ct+d=n a: Lo :

d—b d—b d—b d—b d— d— d— d—
(H Tl ) (M e )

(@) (b) 4(c) 5(d)
X X X X
= b T a @ SeeSaee
+S4-5S2d—a—c + Sa—cS2d—a—b — 2534—a—b—c)
(@) (b) (c) (d) (_1)\d
YR LLLL%_ ©)
a+b+c+d=n al bl ocl tllltZtCC”t4

On the other hand, we have
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(@) 5 (B) 5(c) 5(d)

X X X X

L g e (s )
a+b+c+d=n a: -C '

: (t‘f‘b b by tj—b) (t‘f—c e et ti—c)

(@) +(b) (c) 4(d)
X X X X

- a+h+§rd:n FWTWSd*ﬂSdbedﬂ;- @)
Then, applying (6) and (7), we obtain Lemma 2.

3. Proofs of the Main Results

In this section, we will prove our theorem and corollaries.
For any real number x € R, applying the properties of power series, we have

o 4l
(1—1t)" -~k ( X)(l)ntn = LSt <),

n=0 n=0
we note that t1, tp, t3 and t4 satisfy t1tpt3t4 = —1, so
[ee] 1 X
H,(x)t" =

n;o (%) <1—t—t2—t3—t4>
_ (=1)*
(B h)¥(E— R) ¥ (E— £3)¥(t — ta)"
_ (titatsty)”

CEDHCEDNCEDHCENE

0
°° x(”) x(b) x(c) x(d) 1 .
‘2<E mmam%%%' ®

Hy(x) = R A
a+b+§d:n al bboctdb fehst
1 dx(“) x(b) x(c) x(d)
= = -1 — 3 Sd-aSd—bSd—c
24 al bt ¢! 4!
(@) x(b) (c) (d)
L U
a+b+c+d=n a: G :
“(Sd—aS2d—b—c + Sa-vS2d—a—c + Si—cS2d—a—b — 2S4d—n)
1 dx(“) x(b) x(c) x(d)
= - 7 (4Hy 442 —3Hy 441
24 s al bt ¢! 4!
—2Hy 4 —Hy 1) (4Hy p12 —3Hy py1 —2Hg p— Hyp1)
1 x(”) x(b>
“(4Hj_c42 —3Hg c11 —2Hy = Hy (1) — 7 Y. (- PR

a+b+c+d=n
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x(€) ()
o ar [((4Hg—g12 —3Hg q11 —2Hy o —Hig1)

(4Hpg_p—cy2 —3Hog p—c41 —2Hpg p—c — Hpg—p—c—1) + (4Ha_p12 — 3Hy_p11

—2H; p — Hy_p—1) (4Hpg—g—cy2 —3Hog—q—c41 —2Hpg—g—c — Hag—q—c—1)

+ (4Hg 42 —3Hg_cy1 —2Hgc — Hg 1) (4Hzq—q—p42 — 3Hoq—q_p11

~2Hyq_q—p — Hog—g—p—1) — 2 (4Hag—n12 — 3Hag—n41 — 2Hag—p — Hag—n—1)] -
This completes the proof of Theorem 1.

Since Hy,(1) = Hy12 and 10" = n!, according to Theorem 1, we can easily obtain Corollary 1.
If we take x = k € N in (1), we have

Kk
Y Ha(k)t" = <1—t—t2—t3—t4> = (Z()Hn+2tn>
n—=

(o) (e )
a1+az---+a
2 2 Ha 1oHay 10 - - - Hppyot™ 752770

( Z Ha1+2Ha2+2 e szk+2> tn/

ay+ax+---+ag=n

and then by Theorem 1, we can obtain

Hﬂ]+2Hﬂz+2 e Hak+2
a+ay+--+ag=n

1 dk() k(@) j(e) j(d)
= = -1 ——Sd—aSa—pSd—
24, = al bl el ar i ‘
1 k@) j(b) (c) p(d)
—57 (1) — (Sa—aS2d-b-
24, = al bl ol dr \Tdevubec

+Sd—bs2d—a—c + Sd—cSZd—u—b - 254d—n) .

This completes the proof of Corollary 2.
If we take x = —% and x = % in Theorem 1, since

W __Eegu MY® @n-nn n)!
2 B 27 \2 B 2n ©4r.pl’

we can immediately deduce Corollary 3 and Corollary 4.

4. Conclusions

The main results of this paper are to give some identities involving the fourth-order linear
recurrence sequences by using two lemmas. We obtain some identities related to Tetranacci numbers,
which gives us a better understanding of the properties of Tetranacci sequences. Although the
characteristic equation of the fourth-order linear recurrence sequence has two real and two complex
roots, with complicate irrational expressions, the expression in Theorem 1 does not use these roots,
and depends only on the Tetranacci numbers. More importantly, we further verify that we can still
get the properties of the higher-order linear recurrence sequence using the same method, noting that
when the order of the linear recurrence sequence increases, the parameters become more complex, and
the coefficients of its expansion will be more complicated.
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