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1. Introduction and Preliminaries

In this work, we define Gaussian generalized Tetranacci numbers and give properties of Gaussian
Tetranacci and Gaussian Tetranacci-Lucas numbers as special cases. First, we present some background
about generalized Tetranacci numbers and Gaussian numbers before defining Gaussian generalized Tetranacci
numbers.

There have been so many studies of the sequences of numbers in the literature which are defined recur-
sively. Two of these type of sequences are the sequences of Tetranacci and Tetranacci-Lucas which are special
case of generalized Tetranacci numbers. A generalized Tetranacci sequence {V;, }n>0 = {Vi(Vo, V1, V2, V3) }n>0

is defined by the fourth-order recurrence relations
(1.1) Vo=V 1+ Vo o+ Vi 3+ Viu_y,

with the initial values V) = ¢o, V1 = ¢1, Vo = ¢o, V3 = ¢3 not all being zero.
1
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This sequence has been studied by many authors and more detail can be found in the extensive literature
dedicated to these sequences, see for example [?7?], [?7], [?7], [?7?], [?7], [?7].
The sequence {V,,},>0 can be extended to negative subscripts by defining

Vo, = —V—(n—l) - V—(n—2) - V—(n—?’) + V_("_4)

for n =1,2,3,.... Therefore, recurrence (??) holds for all integer n.
The first few generalized Tetranacci numbers with positive subscript and negative subscript are given in

the following Table 1:

Table 1. A few Tetranacci numbers

n 0 1 2 3 4 5
V. c¢o c1 Co C3 co+c1+co+ces3  cog+2c1 +2c0 + 2c3
V_n Chp C3z3 —Co—C1 —(C 202 — C3 201 — C9 200 —C1 283 - 262 — 261 — 360

We consider two special cases of V,, : V,,(0,1,1,2) = M, is the sequence of Tetranacci numbers (sequence
A000078 in [??]) and V,,(4,1,3,7) = R, is the sequence of Tetranacci-Lucas numbers (A073817 in [?7?]). In
other words, Tetranacci sequence {M,},>o and Tetranacci-Lucas sequence {R,,},>o are defined by the

fourth-order recurrence relations

(1.2) M,=M, 1+ M, o+ M, 3+ M,_4, My=0,M; =1, My =1, M3 =2
and

(1.3) R,=Rn_1+ Ry o2+ Ry 3+ Rn_4, Ry=4R =1,Re=3,Rs =7
respectively.

Next, we present the first few values of the Tetranacci and Tetranacci-Lucas numbers with positive and

negative subscripts in the following Table 2:

Table 2. A few Tetranacci and Tetranacci-Lucas Numbers

n 0 1 2 3 4 ) 6 7 8 9 10 11 12 13
M, 0 1 1 2 4 § 15 29 56 108 208 401 773 1490
M_, 0 O 0 1 -1 0 0 2 -3 1 0 4 -8 )
R, 4 1 3 7 15 26 51 99 191 367 708 1365 2631 5071
rR, 4 -1 -1 -1 7 -6 -1 -1 15 —-19 4 -1 31 =53

It is well known that for all integers n, usual Tetranaci and Tetranacci-Lucas numbers can be expressed

using Binet’s formulas
an+2 ﬂn+2 7n+2 5n+2
(@ A)a-N@-0)  B-aB-NE-8  G-a)y- A0  ©-a)b- 56—

(see for example [??] or [?7])

M, =
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or

a—1 -1 _ y—1 6—1
1.4 Mn: n—1 n—1 n—1
(1.4) sa—s® Tz’ ‘T -3%" 50 — 8

(see for example [?7])

and

respectively, where a, 3, and § are the roots of the equation z* — 2 — 22 — 2 — 1 = 0. Moreover,

S S B O P R
4 2 2V 4 4
;w;ww 1,
R N

where

1/3 1/3
L 11 N —65 N 563 N —65 /563
—\ 12 54 108 54 108 '

Note that we have the following identities:

a+B+y+46 = 1,
af+ay+ad+py+ 65+ = -1,

afy+afd+ayd+pyé = 1,
afyé = -—1.

We present an identity related with generalized Tetranacci numbers and Tetranacci numbers.

THEOREM 1.1. Forn >0 and m > 0 the following identity holds:

(15) Vm+n - Mm—2Vn+3 + (Mm—3 + Mm—4 + Mm—S)Vn-i-Z + (Mm—3 + Mm—4)Vn+1 + Mm—3Vn

Proof. We prove the identity by induction on m. If m = 0 then

Vo =M_Vyis+ (M_3+M_s+M_5)Viyo+ (M_s+M_4)Vpi1+ M_3V,
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which is true because M_o =0, M_3 =1, M_4 = —1, M_5 = 0. Assume that the equaliy holds for all

m < k. For m = k + 1, we have
Vikr1)4n = Vark +Vare—1 + Vagr—2 + Vagr-3

= (Mp—2Viyz + (M3 + Mg+ My_5)Vpyo + (My—3 + My 4)Viy1 + My_3V3,)
+(My—3Vits + (My—a + Mg—5 + My —6)Viyo + (Mg—a + My_5)Vii1 + My_4V5,)
H(My—aViys + (My—s5 + My—¢ + My—7)Vyi2 + (Mg—5 + Mi—6)Vir1 + My—5V3,)
+(My—5Vnt3 + (Mg—¢ + Mg—7 + Mi—5) V2 + (Mg—¢ + Mi—7)Vyt1 + My—6V3,)

= (Mp—o+ My_34+ Mp_sg+ My_5)Voy3
+((My—g + My—g + My_5 + My_¢) + (Mg—a + Mi—5 + My_¢ + My_7)

+ (My—5 + My—6 + My—7 + My—3))Vyi2

+((My—3 + My—g + My—5 + My—g) + (My—sg + My_5 + My + My_7))Vit1
+(Mp—3 + My g+ My 5 + My_6)Vs,

= My 1Viis+ (Mg—2+ M3+ My_4)Vigo + (M2 + My_3)Vpp1 + My_2V,

= Mguyry-2Vars + (Mupr1y—3 + Mgy1y—a + Mgi1)—5) Voo
+(Mkg1)—3 + Mgy1y—a)Var1 + Mgg1)—3Va.

By induction on m, this proves (?7).
The previous Theorem gives the following results as particular examples: For n > 0 and m > 0, we have

(taking V,, = M,,)
My = My oMy 3+ (M3 + Mg + My _5)Mpyo + (Mp—3 + My —g) My 1 + My, —3M,
and (taking V,, = R,)
Ryin = Mpy—oRpi3+ (M3 + Mpy—a + My_5)Rpt2 + (Mpm—3 + Mpm—a)Rpt1 + Mpy—3R,.
Next we present the Binet’s formula of the generalized Tetranacci sequence.
LEMMA 1.2. The Binet’s formula of the generalized Tetranacci sequence {V,,} is given as
Vo = My_3Vo+ (My_3 + My_4)Vi + (My_3 + My_4 + My _5)Va + My, _5 V5.

Proof. Take n = 0 and then replace n with m in Theorem ?7.
For another proof of the Lemma ?7, see [??]. This Lemma is also a special case of a work on the nth

k-generalized Fibonacci number (which is also called k-step Fibonacci number) in [??, Theorem 2.2.].

COROLLARY 1.3. The Binet’s formula of the generalized Tetranacci sequence {V,,} is given as

Vn — Aan76+B[3n76+C’yn76—|—D6n76
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where
A = STV o+ (Vo + Va4 Vool + (Vi + Va)a o+ Vo)
B = 555:18(%63 + (Vo + Vi +1V2)8% + (Vi + V2)8 + Va)
¢ = 577__18(‘/373 + (Vo + Vi +Vo)y? + (Vi + Va)y + Va)
D = 565_—18 (V302 4 (Vo 4+ Vi + V2)82 + (Vi + Vo) + V)

Proof. The proof follows from Lemma ?7? and (77?).
In fact, Corollary ?? is a special case of a result in [??, Remark 2.3.].
Next, we give the ordinary generating function §0 anx™ of the sequence V,.
n=
[ee]
LEMMA 1.4. Suppose that fy, (x) = > anx™ is the ordinary generaling function of the generalized
Tetranacci sequence {Vy, }n>0. Then fv, (x) 7%5:091'11671 by

o+ (Vi =Vo)z+ (Vo — Vi = Vo)a? + (Vs — Vo — V) — V)a?
B l—x—a2—a3 -2t '

(1.6) fv. ()

Proof. Using (??) and some calculation, we obtain
fra(@)=afv, (2)=2® fv, (2) —2° fv, (2) =2 fv, (2) = Vo+ (Vi = Vo)z + (Vo = Vi = Vo)a? + (Vs = Vo = Vi = Vp)a®

which gives (77).
The previous Lemma gives the following results as particular examples: generating function of the

Tetranacci sequence M, is

x
2

forn (@) = ) Moa" = 7 i

and generating function of the Tetranacci-Lucas sequence R, is

—z2—a3 -z

4 — 3z — 222 — 28

1—z—22—a%— 2%

fr, ()= Z R,x"™ =
n=0

In literature, there have been so many studies of the sequences of Gaussian numbers. A Gaussian integer
z is a complex number whose real and imaginary parts are both integers, i.e., z = a 4+ ib, a,b € Z. These

numbers is denoted by Z[i]. The norm of a Gaussian integer a + b, a,b € Z is its Euclidean norm, that is,

N(a+ib) = Va2 + b2 = \/(a + ib)(a — ib). For more information about this kind of integers, see the work
of Fraleigh [?7].

If we use together sequences of integers defined recursively and Gaussian type integers, we obtain a new
sequences of complex numbers such as Gaussian Fibonacci, Gaussian Lucas, Gaussian Pell, Gaussian Pell-
Lucas and Gaussian Jacobsthal numbers; Gaussian Padovan and Gaussian Pell-Padovan numbers; Gaussian
Tribonacci numbers.

In 1963, Horadam [?7?] introduced the concept of complex Fibonacci number called as the Gaussian

Fibonacci number. Pethe [?7?] defined the complex Tribonacci numbers at Gaussian integers, see also [?7].
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There are other several studies dedicated to these sequences of Gaussian numbers such as the works in [?7],

[72], [27], [?7], [22], [27], [?7], [27], [?7), [27], [?7], [?7], [?7], [?7?], [?7], among others.
2. Gaussian Generalized Tetranacci Numbers
Gaussian generalized Tetranacci numbers {GV,, } >0 = {GVL(GVy, GV1, GVa, GV3) }, >0 are defined by
(2.1) GV, =GV1 +GVyo + GV 3 + GV, _y,
with the initial conditions
GVo=co+i(cs—ca—c1—cp),GV1 =1 +ico, GVa = ca + icy, GV = ¢35 + ica,
not all being zero. The sequences {GV,, },>¢ can be extended to negative subscripts by defining

GV_, = —GV_(n_l) - GV_(n_g) — GV_(n_g) + GV_(n_4)

for n =1,2,3,.... Therefore, recurrence (??) hold for all integer n. Note that for n > 0
(2.2) GV, =V, +iV,_1.
and

GV_, =V_,+iV_,_

The first few generalized Gaussian Tetranacci numbers with positive subscript and negative subscript

are given in the following Table 3:

Table 3. A few generalized Gaussian Tetranacci numbers

n GV, GV_,

0 coti(ez—ca—c1—cp) co+i(cg —ca—c1— )

1 c1 +ico (3 —cag—c1 —co) +1i(2¢2 — ¢3)
2 cs +icy 2co —c3 +1(2¢1 — ¢2)

3 c3 +icy 2¢1 —ca +1i(2¢0 — 1)

4 cotc1tceatestics 2co— e +i(2¢3 — 3co — 2¢1 — 2¢32)

We consider two special cases of GV,, : GV,,(0,1,1 4+ 4,2 + 1) = GM,, is the sequence of Gaussian
Tetranacci numbers and GV,,(4 —i,1+4¢,3 44,7+ 3i) = GR,, is the sequence of Gaussian Tetranacci-Lucas
numbers. We formally define them as follows:

Gaussian Tetranacci numbers are defined by
(23) GM, =GM,_1++GM,_5 +GM, _3 + GM,,_4,
with the initial conditions

GMy=0,GM; =1,GMy =1+14i,GM3 =2+
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and Gaussian Tetranacci-Lucas numbers are defined by

(2.4) GR, =GR,_1+GR,_>+GR,_3+GR,,_4

with the initial conditions

GRo=4—i,GR; =1+ 4i,GRy =3 +1i,GR3 = 7 + 3i.

Note that for n >0

GM, =M, +iM,_1, GR, = R, +iR,_1

and

GM_p, = M_p, +iM_p_1,GR_p = Ry +iR_p_1.

Next, we present the first few values of the Gaussian Tetranacci and Tetranacci-Lucas numbers with

positive and negative subscripts in the following Table 4:

Table 4. A few Gaussian Tetranacci and Tetranacci-Lucas Numbers

n 0 1 2 3 4 5 6 7 8
GM,, 0 1 1+ 241 4+27 8+4i 15+87 29+ 157 56429
GM_, 0 0 1 1—1 -1 0 23 2-31 -3+

GR, 4—-7¢ 1+4+4i 3+ 7T+3i 154+7i 264157 51426 994517 191+ 99¢
GR_, 4—-i —-1—-¢ —-1—¢ —-1+7 7—6i —6-—1 —-1—-¢ —-1+4+15: 15—-19:

The following Theorem presents the generating function of Gaussian generalized Tetranacci numbers.

THEOREM 2.1. The generating function of Gaussian generalized Tetranacci numbers is given as

_ GV + (GV1 = GVo)z + (GVa = GVi = GV)z? + (GV3 — GV — GV — GVp)a?
B l—z—a22—23— 24 '

(2.5) fav, (x)

Proof. Let
fov, () = Z GV z"
n=0

be generating function of Gaussian generalized Tetranacci numbers. Then using the definition of generalized

Gaussian Tetranacci numbers, and substracting = f (), 22 f(z), 2% f(z) and z* f(x) from f(z) we obtain (note
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the shift in the index n in the third line)

(1—z—a® =2’ —a") fov, (2)

o0 o0 o0 o0 o)
= Z GVp,a" —x Z GV,z" — 2?2 Z GV,z" — 23 Z GV, z" — z* Z GV, z"
no—oO O:—O Oo'rL—O Oon—O Oon—O
= Z GV,z" — Z GV, z"t — Z GV,z"*t? — Z GV,z"*t3 — Z GV, a"t4
n=0 n=0 n=0 n=0 n=0

oo oo (oo} oo (oo}
= Z GV,z" — Z GVy_1x™ — Z GV, _azx™ — Z GV, _3x™ — Z GV, _sx"
n=0 n=1 n=2 n=3 n=4
= (GVo + GViz 4+ GVax? + GViz?) — (GVox + GVi2? 4+ GVax®) — (GVox? + GViz?) — GVpa?

+> (GVo = GVyoy = GV — GV — GV _y)a™

n=4

= GVo+ (GVy — GVy)x + (GVa — GVi — GVp)a? + (GVs — GVa — GVy — GVp)2®

Rearranging above equation, we get

_GVo + (GVh — GVp)a + (GVa — GV — GVo)a? + (GV — GVa — GVi — GVo)a®
N l—2z—22—a3— 2t '

fev, (z)

The previous Theorem gives the following results as particular examples: the generating function of
Gaussian Tetranacci numbers is

(2.6) fou (@) o +ia?

1l—xz—a?—a% -2t
and the generating function of Gaussian Tetranacci-Lucas numbers is

(2.7) for. (z) = —(1+i)2® - (2+2i)2% - (3 _45¢)x+4_i.

l—z—a?2—-a2%—2
The result (??) is already known, (see [?7?]).

We now present the Binet formula for the Gaussian generalized Tetranacci numbers.

THEOREM 2.2. The Binet formula for the Gaussian generalized Tetranacci numbers is
GVn — (Aa"fﬁ +B,8n76 =+ C’}/n76 4 D,Yn76) 44 (Aoénf6 4 Bﬁn76 _|_C,Yn76 _|_D,yn76)
where A, B,C and D are as in Corollary (7).

Proof. The proof follows from Corollary (??) and GV,, = V,, +iV,,_1.
The previous Theorem gives the following results as particular examples: the Binet formula for the

Gaussian Tetranacci numbers is

an+2 n+2 aﬂ+2 BrHr?

oM. — | EPees T TaEE-e | L[ emee T a0
n ,Yn+2 n snt2 + ,Yn+2 n §nt2

T aG-m6-9 T T-a-Ae—) (B9 T G-l (5-F)(5—7)

and the Binet formula for the Gaussian Tetranacci-Lucas numbers is

GRy = (" + " +7" +0") +i (" + "7 4" 4 07).
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The following Theorem present some formulas of Gaussian generalized Tetranacci numbers.

THEOREM 2.3. For n > 1 we have the following formulas:

(a): (Sum of the Gaussian generalized Tetranacci numbers)

> GV = %(Gvn+2 +2GV, + GV,_1 — GVy + GV; — GV3)
k=1

(b): 2221 GVopy1 = %(2GVQn+2 + GVay, — GVop—1 — 2GVy — GV; — 3GV, + GVg)
(C): 22:1 GV, = %(2G‘/2n+1 4+ GVopn—1 — GVap_o + GVy — GV1 + 3GV, — QGVE,).

Proof.

(a): Using the recurrence relation
G‘/;L = GVn—l + GVn—2 + GV’L—?) + GVn—4

i.e.
GVyy =GV, —GV,yu1 — GV — GV,y_3

we obtain

GVo = GV4—-GV3—-GVa—GV;
GVi = GV -GV, —GV3— GV,
GVo = GVe—GVs—GVy—GVs
GVs = GV —-GVg—GVs—GVy

GVy = GVs—GV; —GVs—GVs

GViy = GV, =GV, —GVyg — GV 3
GVizs = GVop1 =GV =GVl — GV
Gvn_Q = GVn+2 - GVnJ,_] - GVn - GVn_l

Ganl = GVn+3 - GVn+2 - Gvn+1 - GVn

Gvn = G’Vn—i-4 - Gvn+3 - Gvn+2 - GVn—&-l-
If we add the equations by side by, we get

d GV = %(GVnH — GViyo — 2GVpi1 — GV + GV4 — GVs)
k=1

1
= g(GVnJrQ +2GV,, + GV,,_1 — GV + GV — GV3).
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(b): When we use (??), we obtain the following equalities:
GVi = GVio1+GVieo+GVims + GVjy
GV, = GVs+GVa+GVi+GVy
GVe = GVs+GVu+GVa+GVa
GVz = GVi+GVe+GVs+ GV,

GVip = GVo+GVe+GVr+GVs

GV2n+2 = G‘/2n+1 + GVV2n + GVv2n71 + GV2n72-
If we rearrange the above equalities, we obtain

GVs = GVi—-GVa —GVi —GVy

GVs = GVe—-GVy—GV3—GVs
GV: = Gz -GV —GVs -GV,
GVy = GVig—GVs—GV7; — GV

G‘/anl = G‘/Qn - G‘/2n72 - GVaniS - G‘/2n74
G‘/Qn—i-l = G‘/2n+2 - G‘/Zn - G‘/Qn—l - G‘/Qn—2~

Now, if we add the above equations by side by, we get

n 2n—1
Z GVary1 = GVapyo —GVo — Z GV, — GV
k=1 k=1

1
= GVapyo — GV — g(GV(anl)JrzL — GVign—1)42 = 2GV(gn_1)4+1 — GVo + GV1 — GV3) — GV

1
= GVopya — GVo — g(GV2n+3 — GVapy1 — 2GVa, — GVy + GV — GV3) — GV

1
= —g(—?)GVQnJFQ + GVapys — GVopy1 — 2GVa,, + 2GVy + GV, + 3GV, — GVg)

1
= §(3GV2n+2 — GVapgs + GVapy1 + 2GVay, — 2GVH — GVL — 3GV + GV3)

and
3GVapyo — GVapyz + GVang1 +2GVo, = 2GVango + (GVapyo + GVany1 + GVay — GVanys) + Gy,
= 2GVopio +GVap — GVop_y
So

- 1
> GVarg = 5 (2GVan 12 + GVan = GVap 1 = 2GVo = GV1 = 3GV + GVs).
k=1
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(c): Since
n n 2n+1
ZGV2k+1 + ZGV% = Z GVy — GW;
k=1 k=1 k=1
we have
n 1
Sovie = 3(GVira = GViyz = 2GVoi1 = GVo + GVL = GV)
k=1
1
= g(G‘/n-i-Q + QGVIL + G‘/n—l - GVO + GV, — G‘/3)a
n 1
> GVara = 5 (2GVan 12 + GVon — GVon1 — 2GVo — GVi = 3GVa + GV5)
k=1
n 2n+1 n
ZGVQk = Z GVj, — Z GVopt1 — GV4
k=1 k=1 k=1

1
= g(G‘/(2n+1)+4 — GViant1)+2 = 2GVignt1y41 — GVo + GV — GV3)

1
5 (2GVusa + GVay — GVt — 26V — GVi = 3GVa + GV) — G4

1 1
== g(GVQHJrS - GV2n+3 — 2G‘/2n+2 - G‘/O + GV1 - GVg) + g(—2GV2n+2 - GVQn

+GVap—1 + 2GVy + GVy + 3GV, — GV3 — 3GVy)
= 2(GVauss ~ GVanss — 20Vansa — GVo + GVi — GV — 2GVansa — GVan + GVan s
+2GVy + GV; + 3GVy, — GV3 — 3G'Vy)
= %(GV%% — GVapysg — 4GVayyo — GVop, + GVay—1 + GVy — GV1 + 3GV, — 2G'V3)
= 3(2GVauss + GVan s — GVan s + GV — GVi +3GV; — 2GV3)

This completes the proof.

As special cases of above Theorem, we have the following two Corollaries. First one present some

formulas of Gaussian Tetranacci numbers.

COROLLARY 2.4. Forn > 1 we have the following formulas:

(a): (Sum of the Gaussian Tetranacci numbers)
. 1
> GM, = 5(GMy 5+ 2G My, + GMy g — (1+1)
k=1

(b): ZZ:l GM2k+1 = %(2GM2n+2 + GMsy, — GMgyp_1 — 2 — 22')
(C): ZZ:l GMQk = %(2GM27H_1 + GMgn_l — GMQn_Q -2+ ’L)

Second Corollary gives some formulas of Gaussian Tetranacci-Lucas numbers.

COROLLARY 2.5. For n > 1 we have the following formulas:
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(a): (Sum of the Gaussian Tetranacci-Lucas numbers)

ZGRk = GRn+2 + 2GR, + GRy_1 — 10 4 24)
(b): ZZ:l GR2k+1 = %(2GR27L+2 + GRQn - GRanl — 11— 22)
(C): ZZ:I GRy, = %(2GR2»”+1 + GRoyp—1 — GRopp—o — 2 — 82)

In fact, using the method of the proof of Theorem 7?7, we can prove the following formulas of generalized

Tetranacci numbers.

THEOREM 2.6. For n > 1 we have the following formulas:

(a): (Sum of the generalized Tetranacci numbers)

> V= (Va2 + 2V, + Vooy — Vo + Vi — Vh)
k=1

(b): Y1 Va1 = 5(2Vansa + Van — Vono1 — 2V — Vi — 3V + V)
(€): Yopey Vor = 5(2Vantr + Vano1 — Van—o + Vo = Vi + 3Va — 2V3).

As special cases of above Theorem, we have the following two Corollaries. First one present some

formulas of Tetranacci numbers.

COROLLARY 2.7. Forn > 1 we have the following formulas:

(a): (Sum of the Tetranacci numbers)

ZMk—f My y2 +2M,, + M,y — 1)

(b): >y Maji1 = l(21\42n+2 + My, — Mop_1 —2)
(€): Dop_y Moy, = 2(2Mapiq + Map—1 — May—2 — 2).

Second Corollary gives some formulas of Tetranacci-Lucas numbers.

COROLLARY 2.8. For n > 1 we have the following formulas:

(a): (Sum of the Tetranacci-Lucas numbers)

Z = Z(Rpy2 + 2R, + Ry_q — 10)
k=1

(b): >, Rogy1 = %(2R2n+2 + Roy, — Rop—1 — 11)
(€): Yp_i Ror = $(2Ron41 + Ran—1 — Ron—2 — 2).

Note that if the sum starts with the zero then the constant in the formula may only change, for example

> Rp=Ro+» Rp=4+ g (Bnsa 2R + Ryoy = 10) = 2 (Ruyz + 2Rn + Ro1 +2)
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but
n n n 1
My, = My + My, = My = -(Mpy2 +2M, + M,,_; — 1).
Z k 0 Z k Z k 3( n+2 n n—1 )
k=0 k=1 k=1
3. Some Identities Connecting Gaussian Tetranacci and Gaussian Tetranacci-Lucas Numbers

In this section, we obtain some identities of Gaussian Tetranacci numbers and Gaussian Tetranacci-Lucas
numbers.

First, we can give a few basic relations between {GM,,} and {GR,} as

(3.1) GR, = -GM, 3+ 6GM,+1 — GM,

(3.2) GR, = —-GMy 2 +5GMy, 11 —2GM,, — GM,, 1
and also

(3.3) GR,, =4GM, 1 —3GM,, —2G M1 — GM,,_».

Note that the last three identities hold for all integers n. For example, to show (??), writing
GRn = G/GMn_t,_?, + bGMn+2 + CGMn+1 + dGMn

and solving the system of equations

GRy = aGMs3+bGM;y+ cGM; + dGM,
GR1 = aGMy+bGM;3+ cGMy + dGM;
GRy; = aGMs+bGMy+ cGMs3 + dGM,
GR3; = aGMgs+bGMs+ cGMy+ dGMs;

we find that a = —1,b =0,c = 6,d = —1. Or using the relations GM,, = M,, + iM,,_1, GR, = R, + iR,
and identity R,, = —M, 13 + 6M,,11 — M,, we obtain the identity (??). The others can be found similarly.
We will present some other identities between Gaussian Tetranacci and Gaussian Tetranacci-Lucas num-
bers with the help of generating functions.
The following lemma will help us to derive the generating functions of even and odd-indexed Gaussian

Tetranacci and Gaussian Tetranacci-Lucas sequences.

o0
LEMMA 3.1 ([??]). Suppose that f(x) = > apx™ is the generating function of the sequence {an }n>0-
0

n=
Then the generating functions of the sequences {agn }n>0 and {azn+1}tn>0 are given as

fasn (l’) = Zagnl'n = f(ﬁ) +2f(_\/‘%)
n=0

and
fW2) — f(=V2)
N

oo
fa2n+1 ({,C) = Z a2n+1xn =
n=0

respectively.
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The next Theorem presents the generating functions of even and odd-indexed generalized Tetranacci

sequences.

THEOREM 3.2. The generating functions of the sequences Va,, and Va1 are given by
~ Vo (=3Vo + Va)z + (—2Vo 4+ Vi — 2V + Va)a? + (—2V5 + V)

fven () = 2+ 23 — 322 — 3z + 1
and
f (ZL’) o Vl + (—3V1 + ‘/3).’E + (Vo — V1 + 2V2 — V},)xz + (V() + V1 —|— V2 — ‘/3).%3
Vann B8 zt+ 23 —322 -3x+1
respectively.

Proof. Both statements are consequences of Lemma ?7? applied to (??) and some lengthy work.
From the previous Theorem we get the following results as particular examples: the generating functions
of the sequences My, and My, 11 are given by

2?24z ! (@) —z2—x+1
€Tr) =
ot 28 —322 _3z 41 Men 24+ a3 —322 -3 +1

I, () =

and the generating functions of the sequences Ry, and Ra,1 are given by

23 — 622 —9x + 4 f (2) 23+ 222 +4x +1
x) = )
24+ 23 — 322 —3x 41’ JHen xd 423 —322 -3z +1

IR, (x) -

The next Theorem presents the generating functions of even and odd-indexed Gaussian generalized

Tetranacci sequences.

THEOREM 3.3. The generating functions of the sequences GVa,, and GVay 41 are given by
GV + (—=3GVy + GVa)x + (—2GVy + GVi — 2GVa + GV3)a? + (—2G V3 4 GVi)a?

fova, = 2+ a3 —322 -3z +1
and
Fevans = GV1 4+ (=3GV1 + GV3)x + (GV, —4GV1 :—ZGVQQ - GV3)z? + (GVy + GVi + GV — GV3)a®
*+x° —32% -3z +1
respectively.

Proof. Both statements are consequences of Lemma ?? applied to (??) and some lengthy algebraic
calculations.
The previous theorem gives the following two corollaries as particular examples. Firstly, the next one

presents the generating functions of even and odd-indexed Gaussian Tetranacci sequences.

COROLLARY 3.4. The generating functions of the sequences GMa,, and GMa, 1 are given by

(1+44d)z+ (1 —i)z? —ia®

.4 p—
(34) Joran = G g a1
and

1—(1—=d)z—(1—19)z2
(35) fGM2n+1 = ( ) ( )

o4+ 23 —322 -3 +1

respectively.
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The following Corollary gives the generating functions of even and odd-indexed Gaussian Tetranacci-
Lucas sequences.
COROLLARY 3.5. The generating functions of the sequences GRa,, and GRa,41 are given by

(4—i)—(9—4i)o — (6 —Ti) x> + (1 + i) 2>

.6 =
(3.6) fer,, (@) o 2% — 322 —3r+ 1
and
(1+4i)+(4—-9)x+ (2—61)2? + (1 +i) 23
7 =
(3.7) faRry i (2) b3 322 — 37+ 1
respectively.

The next Corollary present identities between Gaussian Tetranacci and Gaussian Tetranacci-Lucas se-

quences.
COROLLARY 3.6. We have the following identities:

(4 —i)GMay, — (9 — 4i) GMay,—2 — (6 — 7i) GMay,— g + (1 4 4) GMay, 6
= (14+4)GRap—2+ (1 —9) GRap—g — iGR2p—g,

(1+4i)GMay, + (4 —91) GMaoy—o + (2 — 6i) GMay—g + (1 + i) GMay,—¢
= (1414)GRyp—1+ (1 —1i)GRaop_3 — iGRay_5),

(4 —i)GMap 1 — (9 — 4i) GMay, 1 — (6 — 7i) GMay, 3+ (1 + i) GMa, 5
= GRyp —(1—1)GRano — (1 —1))GRan_4

(1+4i)GMap i1 + (4 —9i) GMay, 1 + (2 — 6i) GMay,—3 + (14 i) GMa,_5

= GRans1 — (1—i)GRop_1 — (1 —i))GRon_3
Proof. From (?7) and (??) we obtain
(4—i) = (9 —4di)x — (6 —Ti)a® + (1 +19) &) fors,, = (L + i) a + (1 —4) 2 —ia®) far,, .
The LHS (left hand side) is equal to
LHS = ((4—1i)—(9—4i)z—(6—Ti)z>+ (141)2>) i G My, z"
n=0

= (-i)2?+(G+3)z+ i(@ — )G Map — (9 — 4i) GMap_»

— (6 — 72) GM2n_4 + (1 + Z) GM2n_6)In
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whereas the RHS is
RHS = ((1+d)z+ (1 —i)a® —iz®) Z GRapz"
n=0

= (—i)a’+(G+3)z+ Y ((141)GRan2+ (1 — i) GRop_s — iGRan_g)2".

n=3

Compare the coefficients and the proof of the first identity is done. The other identities can be proved
similarly by using (?7)-(77).

We present an identity related with Gaussian general Tetranacci numbers and Tetranacci numbers.
THEOREM 3.7. Forn >0 and m > 0 the following identity holds:
(3.8) GVipgn = My—oGViizs+ (Mp—3 4+ My—g + Mpy—5)GViyo + (My—3 + My—4)GVi1 + My, 3GV,
Proof. We prove the identity by strong induction on m. If m = 0 then
GV, =M_3GVoys+ (M_s+M_y+M_5)GVyio+ (M_s+ M_4)GVyp1 + M_3GV,

which is true because M_o =0, M_3=1,M_4, = —1, M_5 = 0,. Assume that the equaliy holds for m < k.

For m =k + 1, we have

GViks1y4n = GVark + GVigk1 + GV —2 + GViyg—3

= (Mp—2GVpqs + (My—3+ My_4+ My_5)GViqo + (My—3 + My_4)GVyp1 + My, _3GV},)
+(My—3GViys + (Mp—a + My_5 + My_6)GVipyo + (My_g + My_5)GVpi1 + Mp_4sGV,,)
+(My—aGViy3 + (My—5 + My + My _—7)GVpyo + (My—5 + My —6)GVyy1 + My_5GV,,)
(My—5GViss + (My—g + My—7 + My—)GVirso + (My—g + My_7)GVins1 + My_sGVy)

= (My—2+ M3+ Mg+ My_5)GVpy3
F((My—3 + My + My_5+ My_¢) + (Mg + My_5 + My_¢ + My_7)
+(My—5 + My—6 + My—7 + My_g))GVyi2
+((My—g + My—g + My—5 + My_6) + (Mg—a + M5 + M—g + Mi—7))GVy i1
+(My—3 + Myg—s+ My_5 + My_s)GV,

— My GVips + (Mo + My—s + My—0)GViso + (My—o + My_3)GViur1 + My_sGV,,

= Mui1)—2GVirs + (Mgg1)—3 + Mg1)—a + M(py1)—5)GVir2

F(M(g41)—3 + Mkg1)—2)GVig1 + My1)—3GV,,

By strong induction on m, this proves (77).
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The previous Theorem gives the following results as particular examples: For n > 0 and m > 0, we have

(taking GV,, = GM,,)

GMm+n = Mm,—QGMn+3 + (Mm—3 + Mm—4 + Mm—5)GMn+2 + (Mm—S + Mm—4)GMn+1 + Mm—SGMn

and (taking GV,, = GR,,)

GRm+n = Mm—QGRn+3 + (Mm—?) + Mm—4 + Mm—S)GRn+2 + (Mm—B + Mm—4>GRn+l + Mm—BGRn~

4. Matrix Formulation of GV,

Now, consider the sequence {U, } which is defined by the fourth-order recurrence relation

Un = Unfl + Un72 + Un73 + Un74a UO = Ul = 07 U2 = US =1

Next, we present the first few values of numbers U, with positive and negative subscripts in the following

Table 5:

Table 5. A few values of the numbers U,
n 012 3 45 6 7 8 9 10 11 12 13 14

v, 001 1 2 4 8 15 29 56 108 208 401 773 1490
v, 001 -1r002 -3 1 0 4 -8 5 -1 8

Note that some authors call {U,} as a Tetranacci sequence instead of {M,}. The numbers U,, can be

expressed using Binet’s formula

- Bla-Ne-0  G-a)B-NB-0) (—a)r-B-0  G-a)b-A0-1)

The matrix method is very useful method in order to obtain some identities for special sequences. We define

the square matrix A of order 4 as:

SO O = =
S = O =
_ o o =
o O O =
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such that det M = —1. Induction proof may be used to establish

Mn+1 Mn + Mn—l + Mn—Q Mn + Mn—l Mn
M, M, 1+M, o+M, 35 M, 1+M, o M,_
(41) An — 1 2 3 1 2 1
Mnfl Mn72 + Mn73 + Mn74 Mn72 + Mnf?) Mn72
Mn—2 Mn—3 + Mn—4 + Mn—5 Mn—3 + Mn—4 Mn—3
Un+2 Un+1 + Un + Unfl UnJrl + Un Un+1
(4 2) - Un+1 Un + Unfl + Un72 Un + Unfl Un
Un Un—l + Un—2 + Un—S Un—l + Un—2 Un—l
Un—l Un—2 + Un—3 + Un—4 Un—2 + Un—3 Un—2
Un+2 Un+2 - Un72 Un+1 + Un Un+1
Un Un - Un— Un + Un— Un
(43) _ +1 +1 3 1
Un Un - Un—4 Un—l + Un—2 Un—l

Unfl Unfl - Un75 Un72 + Un73 Un72

Matrix formulation of M, and R,, can be given as

M3 1 1 1 1 Ms
M, 1 0 0 O M-
(4.4) +2 _ 2
Myiq 01 00 M,
M, 0 01 0 My
and
Ryys 1 1 11 R3
R, 1 0 0 0 R
(4.5) +2 _ 2
R, 01 00 Ry
R, 00 10 Ry

Induction proofs may be used to establish the matrix formulations M,, and R,,. Note that

GMn = 'LUn + Un-‘,—l-
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Consider the matrices Ny, Eys defined by as follows:

241 1+ 1 0
1+ 1 0 0
Ny =
1 0 0 7
0 0 i 1—1
GM,y5 GMnio GMny GM,
GMyi2 GMpy1  GM, GM,_,
Ey =
GM, 41 GM, GM,_1 GM,_o

GM, GM,-1 GM,_o GM,_3

Next Theorem presents the relations between A™, Ny, and Ejy;.

THEOREM 4.1. For n > 3, we have

AnNM = E)r.

Proof. Using the relation

GMn =1U, + U’I’L+17

and the calculations

a = C2+)Up+Q+)Up1+2+9) Upg1r + (2410) Upga
= 2U, + iU, + Up_1 +iUn—1 + 2Up41 + iUns1 + 2Upy2 + iUno
= i(Unt2 +Uny1 +Up +Up-1) + (2Un12 + 2Un 11 + 2Un + Uy 1)
= iUnts + (Upy2 + Uns1 + Uy + (Upya + U1 + Uy + Up—1))

= iUn+3 + (Un+2 + Un+1 + U, + Un+3) = iUn+3 + Un+4 = GMn+3

and

Un + Unfl + Un+1 + (1 + l) Un+2 = Un + Unfl + Un+1 + Un+2 + iUn+2

iUn+2 + Un+3 = GMn+2;

19
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we get
Un+2 Un+1 + Un + Unfl Un+1 + Un Un+1 2 +'L 1 + )
UnJrl Un + Unfl + Un72 Un + Unfl Un 1474 1
ANy =
Un Un—l + Un—2 + Un—3 Un—l + Un—2 Un—l 1 0
Un—l Un—2 + Un—3 + Un—4 Un—2 + Un—3 Un—2 0 0

GM,i5 GM, .o GM,., GM,
GM,i2 GM,.1 GM, GM,_;
GM,y1 GM, GM,., GM,_ -
GM, GM, 1 GM, 5 GM,_3

Above Theorem can be proved by mathematical induction as well.

Consider the matrices Ny, Er defined by as follows:

T+3 3+7 1+4i 4—1

34+ 1+4 4—3 —1—1
Np =

1447 4—¢ —-1—7 —1—1

4—7 —-1—4 —-1—¢ —1+4+T7T

GRn.3 GRny» GRni1 GR,
E GR71+2 GRn+1 GRn GRn—l

R =
GR,+1 GR, GR,_1 GR,_»

GR, GR,_1 GR,—2 GR,_3

The following Theorem presents the relations between A", N and Eg.

THEOREM 4.2. We have

A"Np = Eg.

Proof. The proof requires some lengthy calculation, so we omit it.
The previous Theorem, also, can be proved by mathematical induction.

Similarly, matrix formulation of V,, can be given as

n

Vs 111 1 Vs
Vie | | 1000 Vs
Voo | o100 Vi
v, 0010 Vo

oSO O =
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Consider the matrices Ny, By defined by as follows:

i02+63 i61+62 i00+01 a1
ic1+co ico+cy (1 —i)c,—ici—ica+ics as
NV = )
ico+cy (1 —id)cy—ici—icatics (1 —id)cg—c1—(1 —2i)cy—co a3
(1 —i)cy—ici—icatics (1 —i)cg—c1—(1 —2i)cy—co 2ic1+(2 — i)ey—c3 ay
GVyrs GViyo GV GV,
GVn+2 GVn+l GVn GVn—l
By =
GVn+1 Gvn G‘/n—l Gvn—2
GV, GV,_1 GV,_o GV,_3
where
ar = (1 —1d)cg—icy —icy +ics
ay = (1 — i)Cg —C1 — (1 — 2i)02 — Cp
ag = 2ic1+ (2 — i)CQ —C3
ay, = QiCO —+ (2 - ’i)Cl — C2.

We now present our final Theorem.

THEOREM 4.3. We have

A"Ny = Ey.
Proof. The proof requires some lengthy work, so we omit it.

5. Conclusions

Recently, there have been so many studies of the sequences of numbers in the literature that concern
about subsequences of the Horadam numbers and generalized Fibonacci numbers such as Fibonacci, Lucas,
Pell and Jacobsthal numbers; Tribonacci, Tribonacci-Lucas, Padovan, Perrin, Padovan-Perrin, Narayana,
third order Jacobsthal and third order Jacobsthal-Lucas numbers. If we use together sequences of integers
defined recursively and Gaussian type integers, we obtain a new sequences of complex numbers such as
Gaussian Fibonacci, Gaussian Lucas, Gaussian Pell, Gaussian Pell-Lucas and Gaussian Jacobsthal numbers;
Gaussian Padovan and Gaussian Pell-Padovan numbers; Gaussian Tribonacci numbers.

This study proposes to introduce the concept of the Gaussian generalized Tetranacci numbers, and as
special cases, Gaussian Tetranacci and Gaussian Tetranacci-Lucas numbers.

We can summarize the sections as follows:

e In the section (?7?), we present some background about generalized Tetranacci numbers and Gauss-

ian numbers.
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e In the section (?7?), we define Gaussian generalized Tetranacci numbers and as special cases, we
investigate Gaussian Tetranacci and Gaussian Tetranacci-Lucas numbers with their properties such
as the generating functions, Binet’s formulas and sums formulas of these Gaussian numbers.

e In the section (??), we obtain some identities of Gaussian Tetranacci numbers and Gaussian
Tetranacci-Lucas numbers.

e In the section (?7), we give matrix formulation of Gaussian generalized Tetranacci numbers.

It is our intention to continue the study and explore some properties of this type of sequences, such as

Gaussian Pentanacci numbers.
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