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Abstract

In this study, we introduce a new class of the hyperbolic matrix functions which are
called symmetrical hyperbolic Horadam sine and cosine matrix functions and we present
some hyperbolic and recursive properties of these new matrix functions. In addition, we
introduce quasi-sine Horadam matrix function and also define the matrix form of the
metallic shofars that related to the hyperbolic Horadam sine and hyperbolic Horadam
cosine matrix functions.
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1. Introduction

As is known, the differential equation systems are used to develop many problems
of applied sciences, so the differential systems have many applications in science and
technology. Since the matrix functions exist in the solutions of the differential equation
systems, the theory of the matrix functions is widely used in these areas. In particular, the
matrix exponential and trigonometric matrix functions have received the most attention
[1,5,6,8,13,14]. These matrix functions play a fundamental role in the differential equation
systems. For example, the differential problem

X"t)+DX(t) =0, X(0)=X, X =X,

has the solution

X (t) = cos VDtX + (VD) 'sin(VDt) X1,

where v/ D denotes any square root of a non-singular matrix D. There exist many studies
[6-10, 13] on the solutions of the more general problems that involve the hyperbolic and
trigonometric matrix functions. Some hyperbolic and trigonometric matrix functions of a
real or complex square matrix D are defined as [5-8,10]:

D _ ,-D D -D
sinh(D) = %, cosh(D) = %,
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oD _ g—iD eiD _ g—iD
Sln(D) = ?, COS(D) =
1
Some identities that are analogous to scalar case are valid for the matrix case under the

assumption on that commutable matrices [9, 10]. For example,
cos(A + B) = cos(A) cos(B) — sin(A) sin(B)

for the commutable matrices A and B. Also for D € C™*™ and the n-dimensional identity
matrix 7,

sin(D) = cos(D — g[) and  cos(D — krnI) = (—1)* cos(D) (1.1)

where k € Z [9,10].

In this study, we will introduce hyperbolic Horadam sine and cosine matrix functions
and will give some of their properties. So, here are some information about the Horadam
numbers and hyperbolic Horadam Functions.

2. Hyperbolic Horadam functions

Horadam number sequence W, (a, b; p, q) is generated by the rule W, = pW,, +¢W,,_1
where n > 1, Wy = a, W1 = b, p and ¢ are non-zero real numbers [11]. The characteristic

p+Vp*+4q
2

polynomial of W, is t> — pt — ¢ = 0 and the roots of this equation are o =

\/p + 4q

and 8 = P—vP v [11,12]. The Binet formula for W, is

Aa™ + Bq"a™"

n _ nR M- V% +4q ’
W, = Aa™ — (-1)"Bq"« _ 2.1)

\/p +4 Aa Bqn —n
VP2 +4q

where A = b —aff and B = b — aq, also p and ¢ are non-zero real numbers such that
p? +4q # 0 [11]. The Horadam number W, is reduced to the Fibonacci number F}, and
Lucas number L,,. That is,

n is odd

, niseven,

a” + a7

————, nisodd
V5
F,=W,(0,1;1,1) = (2.2)
a — ™" .
———, niseven,
V5
a4+ a™™ , nisodd
L,=W,(2,1;1,1) = (2.3)
a —a™",  niseven.

Using the Binet formulas (2.2) and (2.3), hyperbolic Fibonacci and Lucas functions and
their symmetrical forms have been defined [12,15,17]. Using the Binet formula (2.1),
Bahsi and Solak [3] have defined hyperbolic Horadam sine and cosine functions for the
continuous variable x:

A _ B 2z 72:13 A 2x+1 B 241, —2x—1
sW(x) = d and cW(x) = a thg” " @

Ve N

respectively, where « is the positive root of the characteristic polynomial of W,,, p and ¢
are non-zero real numbers such that p? 4+4q # 0. Since these functions are not symmetrical

(2.4)
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with respect to the origin, the authors have defined symmetrical hyperbolic Horadam sine
and cosine functions as:

Aa® — Bga™®

VP +4q
respectively.

In the next section, we will define the matrix forms of the hyperbolic Horadam sine,
cosine functions and their symmetrical forms by using the matrix D € C™*" instead of
x € R, also we will examine some properties of these new hyperbolic matrix functions.

Aa® + Bg*a™*

VP2 +4q

sWs(z) = and cWs(x) = (2.5)

3. Hyperbolic Horadam matrix functions

By using the matrix D € C™*™ instead of n in equations (2.2) and (2.3), Bahsi and Solak
[2] have introduced the matrix forms of the symmetrical Fibonacci and Lucas functions
as follows:

PP -y~ P
sFs(D) = — 5 (Symmetrical Fibonacci sine matrix function)
PP+ ¢ P N o . .
cFs(D) = 5 (Symmetrical Fibonacci cosine matrix function)
sLs(D) = ¢P -y~ P, (Symmetrical Lucas sine matrix function)
cLs(D) =P + =P, (Symmetrical Lucas cosine matrix function)
1+

s

where 1 =

of these matrix functions similar to that of the hyperbolic Fibonacci and Lucas functions.
The matrix power of the golden ratio, ¢»”, has interesting identities similar to that of the
matrix exponential [2]. In fact, these identities are satisfied for p,q € RT, D € C"*" and
the n-dimensional identity matrix I:

()ForOE(C”X”q =1
2 FormnGZq—qu = (¢™)I and ¢"¢" = ¢

is the well known golden ratio. Then, they have given some properties

m+n)I

= (¢P)T where DT is transpose matrix of D.
The inverse of the matrix ¢” is given by (¢P)~! =g¢

)

) q

) D,
Dt

) s 9 _n()D g

)

)

The derivative of the matrix ¢ i

For m € Z, (¢°)™ = ¢™
For the commutable n x n matrices A and B, q = q¢¢B.
(8) For the commutable n x n matrices A and B, pAq® = ¢Bph.

A+B

(
(3
(4
(5
(6
(7

The above identities immediately follow from the series expansion for D € C™*™ and
q € RY,

(In())*D? | (In(q))°D?
ST
If we use the matrix D € C"*" instead of € R in equations (2.4) and (2.5) we have:

P=TI+In(g)D+ (3.1)

Definition 3.1. Let a be the positive root of the characteristic polynomial of W,,. Then,
the functions
Aa2D — Bg2D 2D

W) =

AaZD'H 4 Bq2D+1a—2D—I

VP® +4q

and cW(D)= (3.2)
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are called hyperbolic Horadam sine and cosine matrix functions, respectively, where
D € C™ ™, p and ¢ are non-zero real numbers such that p? + 4¢ > 0. The symmetri-
cal forms of these functions are defined as:

D D, —D D D_—D
sWs(D) = Aa” ~ Bg a and cWs(D) = Aa” + Bq a .
VD? + 4q VD2 +4q

If A=1, B=1and p=1, g =1 are taken in the formulas (3.2), then the functions
convert the hyperbolic Fibonacci matrix functions. So, the hyperbolic Horadam sine and
cosine matrix functions are the general forms of the hyperbolic Fibonacci matrix functions.
By using the series expansion (3.1), we have the series expansions of sWs(D) and ¢Ws(D)
as:

(In(a))2D? n (In(a))3 D3

sWs(D) = (vp?+4q)~! {A(I +In(a)D +

2! 3!
o m@)ep )3
_ 4 a a
B(I—i—ln(a)D—i- o1 + a1 +..) 7
1 2p? 1 3p3
Ws(D) = (VP2 +4dg)~! {A(I+ln(a)D+ (n<°‘2>,) + (n<0‘3>,) )
o m@)ep )3
= (67 o
+B(I+ln(a)D+ o + T +...)
The symmetrical hyperbolic Horadam sine and cosine matrix functions hold:
_ A+ B A-B
(1) For the zero matrix cWs(0) = ——=1, sWs(0) = ——1,
VP® +4q : p* +4q X
A Bga~ Aa — Bqa~™
(2) For the identity matrix ¢Ws(I) = MI, sWs(I) = .

VP +4q Vi tdg

(3) For the transpose matrix [¢cWs(D)]T = cWs(DT) and [sWs(D)]T = sWs(DT).

1

)

Next two lemmas give the matrix forms of the identities o> = pa+¢q, a2 =1 —pa~
a—qga ' =pand 2¢ + a® + ¢?a? = p? + 4q.

Lemma 3.2. Let a be the positive root of the characteristic polynomial of Wy, p and q,
non-zero real numbers such that p*> +4q > 0, and I, the n-dimensional identity matriz.
Then,

a) ol = pal +ql, b) ¢ =T —pa~t and ¢) of —qga=! =pl
Proof.
a) pal +qI = pal + qI = (pa+ q)I = o*I = a?!,
WI-—pa! =I—-pa='I=(1- g)[ =qa 2l =qla™%] = ¢’ 2,

q a? —q

c)al —qa™! =al —qa ' =(a— ) =( ) = pl,
«@
where pa + ¢ = a? and 1 — P_ qa2. 0
a

Lemma 3.3. Let a be the positive root of the characteristic polynomial of Wy, p and q,
non-zero real numbers such that p*> + 4q > 0, and I, the n-dimensional identity matriz.
Then,

2¢" + o + ¢* a7 = (p? + 49)1.
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Proof.

= (2 +a® + GPa I
- Dy2y
@+ )

a2—|—q

27
o)

=

pa + 2q

2
I
o)

= (

pa+q
= (¢ + 49" )1

= (p* +4q)1,
where pa +q = o?. ]
Since we will often use Lemma 1, Lemma 2 and the properties (1)-(8) in page 3, these
will not be specified in our proofs. Also, I denotes the identity matrix.
4. Some recursive and hyperbolic properties of the hyperbolic Horadam

matrix functions

In this section, we give some properties that are analogous to properties of the hyperbolic
Horadam function given in [10].

Proposition 4.1. (Recursive relation)
a) sWs(D + 2I) = pcWs(D + I) 4+ qsWs(D),
b) cWs(D +2I) =psWs(D+ 1)+ qcWs(D).
Proof.
AP+ 4 BgP+o=D-1 AaP — BgPa~D
VP? +4q VP2 +4q
Ao (pal + qI) — B¢PHa~P(gq! — pa~)
- VP® +4q
 AaPa? — BgPHa~P(I — pa)
VFTE
AaP+21 _ BgD+T =Dyl o2
- VP® +4q
AaP+2l _ ggD+2lo~D-21
- VP +4g
= sWs(D +2I).
b) The proof is similar to the proof of (a). O

a) pcWs(D + 1)+ qsWs(D) = p( +q( )




On the hyperbolic Horadam matrixz functions 1555

Proposition 4.2. (Cassini’s Identity)

a) [sWs(D))> — cWs(D+1)eWs(D—1)=—AB¢P~!,
b) [(Ws(D)]? — sWs(D+1)sWs(D—1I)=AB¢”~.

Proof.

LHS — (AaD o BqDofD)Z (AaDJrI 4 BqD+IafoI)(AanI + BquIOfDJrI)
B p?+4q p?+4q

B A2a2D _ 2ABqD 4 BQq2DOdf2D
B P’ +4q

A202P + ABgP—10?! + ABgP+ a2 + B2g2Pa 2P
B P2 +4q
—2ABqD o ABqD_Ia2[ _ ABqD+Ia—2I
p*+4q

—ABqD_[(ZqI + 0421 + qQIa—QI)
p? +4q

= —ABqD_[,

where LHS is left hand side of the equation.
b) The proof is similar to the proof of (a). O

Proposition 4.3. (Pythagorean Theorem)

[cWs(D)J? = [sWs(D)]* = 4ABq" (p* + 4q)~".

Proof.
LHS - (AaP + BqPa~P)? — (AaP — BgPa~D)?
2
P +4q

B A2042D 4 QABqD 4 B2q2Da72D _ A2a2D 4 QABqD _ B2q2Da72D

a p* +4q

=4ABq" (p* + 49)7,
where LH S is left hand side of the equation. O
Proposition 4.4. (nth derivatives)

(In($))" + (In(a))"
(D1In(a))*sWs(Dt) + “ BD"¢Pta=Pt  n is odd
p*+4q

[cW s(Dt)]™ =

(D1n(a))"cWs(Dt) + BD"¢Pta=Pt n is even
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and
ma))rers N qg”'a™"" niso
[sWs(Dt)]™ = VPP + g
Dln(a))"sWs(Dt i C Bpn DDt
(D In())"sWs(Dt) — N T q”'a "t n is even.

Proof. We use the principle of mathematical induction on n. For n =1 and n = 2,

AaDt + Btha—Dt

[Ws(Dt)) = ( NEwT )’
_ Aln(a)DaP' + BDgP'a~P!(In(q) — In(a))
- N

AaPt — BgPta~—Pt In(q)

_l’_
Vp? +4q Vp? +4q

(In(]) + (In(a))

= (Dln(w)) BDgPta~P!

= (DIn(«))sWs(Dt) +

[[cWs(Dt)]” = [(DIn(a))sWs(Dt) + BDgPta=Pt)

VP +4g

ADIn(a)aPt — BD¢Pta~Pt(In(q) — In(a))
VP +4g

) + (In(a))

Vp® +4g

_ D ln(a))Q(AaDt + BgPta=P? B BD?¢qPta=P!In(q) In(a)
V% - 4q VP2 +4q
BDQQDtOé_Dt q

+—;¢ﬁj?ﬂmammw—mm»+mmmm@_mmm

= DIn(a)

(In(

R Ia

BD?¢P'a~P!(In(q) — In(a))

(In(3))? - (In(a))?

VP® +4g

= (D1In(a))%2ecWs(Dt) + BD?qPta—Pt,
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Now, suppose that k is an odd number and the statement is true for n = k. We must
show that the statement is true for the even number n = k + 1.

L AaPt — BgPta=Dt (ln(%))k + (In(a))*

_|_
VP? +4q VP? +4q

[eWs(DE)W) = [(DIn(e) BD*qPta~ "]

ADIn(a)aPt — BDgP*a~P!(In(q) — In(a))

= ni« k
= (DIn(@))| N 1
(In())* + (In(a))*
e BDMPa P ((g) ~ In(a)
B AaDt+Btha—Dt BDk+1tha—Dt
= (DIn(a) =] = = e (In(e) In(a)
q q
. <1n<a>>’f+;gv>>’f1n<a>BDk+1tha_Dt
b q
= (DIn(a))**1cWs(Dt)
q
. (In(2)** + <1n<a>>’f1n<Jq>2—T<r<a>>k+1 ~ (In(a))* In(q) BDkH DDt
p q
In( L))k — (In(a))F+!
:(Dln(a))k+1ch(Dt)+( QV»J%( ) BDF+1gPta =Dt
p q

Thus, if k£ is an odd number the statement is true for n = k+1. If k£ is an even number, then
it can be proved similarly that the statement is true for n = k+1. This completes the proof
of [¢Ws(Dt)](™. The proof of [sWs(Dt)](™ is similar to the proof of [cWs(Dt)]™. O

Proposition 4.5. (Moivre’s Equation)

a) [cWs(D) + sWs(D)]" = [2A(\/p? + 4¢q) """ W s(nD) + sWs(nD)],

b) [(Ws(D) — sWs(D)]" = [2B(y/p? + 4q) " ]" W s(nD) — sWs(nD)].
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Proof.

a) RHS = [2A(\/p? +4q)~ 1" 1]

AOénD 4 Banaan AOénD _ Banaan

Vp® +4g Vp® +4g

]

| 24 1] 2Aa™P |
VPP tdg PP+
2AaP

— n
Hﬁfﬁ
AaP + B¢Pa=P  AaP — B¢Pa™P

+
VP® +4g VP® +4g

= [cWs(D) + sWs(D)|",
where RH S is the right hand side of the identity.
AOénD 4 Banaan AOénD _ Banaan

= |

]TL

iy 2B ]n_HZBq”Da_"D]
VP® +4g VP® +4g
2B¢PaP

n

ez

AaP + B¢PaP  AaP — B¢Pa™P
VP +4q VP2 +4q

= [cWs(D) — sWs(D)]",
where RH S is the right hand side of the identity. O

=

}TL

5. The quasi-sine Horadam matrix functions

Because of the equation (—1)" = cos(nm) for n € Z, the formula (2.1) can be rewritten
as

Aa™ — cos(nm)Bq"a™"

VD? +4q

Bahsi and Solak [3] have defined quasi-sine Horadam function:

W, =

_ Aa® — cos(mx)Bgta~"
B s T

for x € R and have presented some properties of this function.

The next definition gives the matrix form of the quasi-sine Horadam functions.
Definition 5.1. For the matrix D € C"*" | the function
_ AaP — cos(nD)BgPaP

VP® +4q

is called the matrix form of the quasi-sine Horadam function.

WW (D)
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Now, we give some properties of this new matrix function.
Proposition 5.2. (Recursive relation)
WW(D +2I) =pWW(D +I) 4+ ¢qWW (D).

Proof. By using the equalities

cos(mD + 2nl) = cos(nD) = — cos(wD + «l),

we have
AaP* — cos(n(D + I))BgPH a=P~1 AP — cos(rD)BgPa~P
RHS = pl b+ 1) )+ a (mD)By e

Vp©+4q V% +4q

_ AaP(pal + qI) — cos(nD + 27I)BqP o P~ (qgIq ol — pI)

Vp?+4q

B AaP2 — cos(m(D + 21))BqP+2lq—P—21

VP? +4q

= WW(D + 2I),

where RH S is the right hand side of the identity.

Proposition 5.3. (Cassini’s identity)

(WW(D))? = WW (D + ) WW(D —I) = —ABq” ™! cos(rD).

Proof. By using
cos(m(D + I)) = cos(n(D — I)) = — cos(nD),
we have

Aa®? — cos(rD)BqPa~P

VD? +4q

AaP* — cos(m(D + 1)) BgPHa—P-!

VD? +4q

AaP=! — cos(m(D — I))BgP~La=P+!

N )

LHS =( )2

-

< (
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_ A%a?P —2A4aPBqPa~P cos(mD) + cos? (D) B%g*P a~2P
B p* +4q

A2a2P — AaPH BgP~1a=P+ cos(n(D — I))
p*+4q

AP~ BgPH a=P~1 cos(n(D + 1))
T 2
p°+4q

cos(m(D + 1)) cos(m(D — I))B2qPH a=P=1¢gP~1q=D+l
p*+4q

—2ABqP cos(nD) 4+ ABa* ¢P~ cos(n(D — I))
a p* +4q

ABa 2 gPH cos(m(D + 1))
p*+4q

+

(qu + a21 + q21a—21)
p? +4q

= —ABq¢”~! cos(nD)

= —ABqP~ ! cos(nD).

]
6. The matrix form of the Metallic Shofars
Three-dimensional Horadam spiral
CWW (z) = Aa® — cos(mx)Bg*a™* n Z,sin(mc)Bqa’fof‘% _ Ao® + ieiﬂ(%_I)quaﬂ’
Vp® +4g VP® +4g Vp? +4q
has been defined in [3], where z € R and i? = —1. The matrix form of the three-dimensional

Horadam spiral is:

Definition 6.1. The function
_ AaP — cos(nD)BgP o N sin(rD)BgPa~P

CWW (D) = i
D) Vp? +4q Vp? +4q
or
Aol 1 m(lI_D)B D, —D
CWW (D) = 2ot = o

Vp® +4g

is called the matrix form of the three-dimensional Horadam spiral, where D € C"*" and
2
17 = —1.

Proposition 6.2. (Recursive relation)
CWW (D + 2I) = pCWW (D + I) + qCWW (D).

Proof. The equalities cos(m(D+2I)) = cos(nD) = — cos(n(D+1)) and sin(nw(D+21)) =
sin(rD) = —sin(w(D + I)) are valid for D € C"*" and the n-dimensional identity matrix
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1. By using these equalities, we have
AaPH — cos(m(D + I))BqD“oFD*I) _sin(m(D + I))BgPH a=P~1

RHS — + )
ol o ( )
AaP — cos(rD)BgPa~P _sin(rD)BqPa~P

)+

Vp?+4q p? +4q

_ Aa® (pa! + qI) — cos(rD + 2nI)BgPt a=P~1(qlq~Ta! — pI)
Vp? g
@D + 2xD)BgP o P (glg ol — pl)
7
Pk
B AaP T2 — cos(m(D + 2I)BgPH a=P~1(¢glaT)
VP2 +4q
I uChs 21))Bg"*a"P"(¢'a”)
i
VPE+4q
B AaP+2l — cos(n(D + QI)BqD”Ia*D*?I)
VP T i

_sin(m(D + 21))BgP 2 o~ P—21

+ql( )]

)

)

+1
( VP® +4g
=CWW (D + 21),
where RH S is the right hand side of the identity. O

For the matrix X € C™*™ the system of matrix equations depends on the matrix form
of the three-dimensional Horadam matrix spiral is:

AaX  —cos(nX)BgXa™¥
Vp? +4q Vp? +4q
sin(nX)BgXa~X

VD2 +4q

By summing up the squares of equations of the above system and using the equation
sin?(7X) + cos?(7X) = I, we have

y(X) —

2(X) =

AaX BqXa~X

2
y(X) — el B 6.1
N Y N 6
By considering the formulas of the matrix functions ¢WWs(X) and sWs(X), the equation
(6.1) is rewritten as

)2 4+ 22(X) = (

2(X) = [Ws(X) = y(X)][y(X) — sWs(X)].

The equation (6.1) corresponds to the matrix form of the Metallic Shofar [4]. If a = 0,
b=1,p=m and ¢ = 1 are taken in the definition of the Horadam number W, (a, b;p, q),
the matrix form of the Metallic Shofar is expressed with the equation

X -X

(y(X) — m)z +22(X) = ( 2

7)2
m2+4"
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where « is the golden (m, 1) proportion [12]. For the cases m = 1,2, 3 the equation (6.1)
corresponds to the matrix form of Golden Shofar [4,16], the matrix form of Silver Shofar
[4,12] and the matrix form of Bronze Shofar [4,12], respectively. That is, we have the
equations

X -X
(X0 = 2P+ 200 = (=)

X -X
(x) = 2+ 200 = (L,

X X
(W(X) = Z= ) + 20 = (=)

where @, and 7 are golden, silver and bronze proportions, respectively.
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