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1. Introduction

As it is known, the theory of inequality is one of the most important branches of mathematics.
Especially in functional analysis, differential equations and mathematical analysis, inequalities have
a great impact. Fundamental research in this area belongs to the great mathematicians such as
Hardy, Cauchy, Holder, Littlewood, Minkowski and others. One of the curious topics of the theory of
inequality are inequalities related to trigonometric and hyperbolic functions. The most famous studies
on this subject belong to mathematicians such as Wilker, Huygen’s, Mitrinovic, Wu, Srivastava,
Adamovic, and Cusa. In this study, we will give analogues and some new improvements of these
inequalities for hyperbolic Lucas functions. Hyperbolic Lucas functions are defined by inspiring the
Binet formula for Lucas numbers, which are interesting in number theory and on which many studies
have been made. The reason that makes these functions special is that they are related to the golden
ratio. Because the golden ratio has many incredible applications in nature. Therefore, it would be
interesting to give analogues of theorems related to classical hyperbolic and trigonometric functions
for hyperbolic Lucas functions.
Now we will give some famous inequalities:

i. The Wilker’s inequality is given as (see [1-15]).

: 2
t
(smx) N a;wc =9 (1)

X

it. The Huygens inequality is given as (see [3,4,11,12]).

2sinx  tanw
+ >3 (2)
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i11. The Cusa-Huygens inequality is given as (see [12,16]).

sinx cosx + 2
<
T 3

iv. The Wu-Srivastava inequality is given as (see [9]).

($)2+ T oo (4)

sinx tanzx

v. The Wilker’s-Anglesio inequality is given as (see [5] [17]).

sinh(z)\? tanh(z)
() -

> 2+ Ex?’ tanh(x) (5)
T

45

Inequalities (1), (2), (3), (4) and (5) are satisfied for x € ((), g) )

2. Preliminaries

This section provides some of the basic notions needed for the following sections. The classical hyper-

bolic functions are as follows.
et —e T
et +e %

COSh(ﬁ) = ?, sulh(gj) = _Te, and tanh(x) = (6)

Similarly, Stakhov and Rozin described hyperbolic Lucas functions in 2005 (see [8,18,19]).

Definition 2.1. The symmetrical hyperbolic Lucas sine, cosine, and tangent functions are defined as
follows, respectively.

a$ —x

sLh(z) =a® —a * cLh(z) = a” +a %, and tLh(x) = % forallz € R (7)

at + «

1+5

where oo = 5

Definition 2.2. [20,21] The generalized hyperbolic sine, cosine, and tangent functions are defined
as follows, respectively.

r __ . —x

i. sinhy(z) = L
2

r __ -

ii. tanhy(z) = L

pr T

€T —x

iii. coshy(x) = %

Some basic properties of hyperbolic Lucas functions are as follows:
i. ¢cLh(xz) = cLh(—1x)
it. sLh(x) = —sLh(—x)
iti. tLh(x) = —tLh(—x)
w. sLh'(z) = cLh(z)In(a)
v. ¢cLh (z) = sLh(z) In(a)
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41n(«)

vi. tLh' (x) = cLh2(2)

Lemma 2.3. If z € [0,00), then the following inequalities hold:
i. sLh(z) > 2z In(«a)
it. x1n(a) > tLh(x)

PROOF. i) Let f: R™ — R be a function defined by

f(x) = sLh(x) — 2z In(a)

The derivative of f(z) is /
f (z) =In(a)(cLh(z) —2) >0

Because cLh(z) > 2 .Then we obtain f(z) is an increasing function on the interval [0, c0), this means
that f(x) > f(0) = 0 Therefore
sLh(z) > 2z 1In(«)

Similarly, we can proof i. O

Lemma 2.4. [8] If x # 0, then the following inequality holds:

1 sLh(z)\?
cLh(z) < (@) ( x( )> (8)

PRrROOF. From the properties of hyperbolic Lucas functions, it is clear that it is sufficient to prove the
theorem for z > 0.

Lh3(x)
. pt i = S B
Let f: R™ — R be a function defined by f(z) P eLh(a)
The derivative of f(x) is
’ SLhQ(IL') 2
f(z)= PAeLI2(z) [2zcLh*(z) In(a) + 4@ In(e) — 3cLh(z)sLh(x)]

Now let g : RT™ — R be a function defined by
g(x) = 2zcLh?(z) In(a) + 42 1n(a) — 3cLh(x)sLh(x)
The derivative of g(x) is
g (z) = 2In(a)[2zsLh(2z) — 3cLh(2x)) + cLh?(z) + 2]
Now let h : Rt — R be a function defined by
h(z) = 2zsLh(2z) — 3cLh(2z)) + cLh?(z) + 2

The derivative of h(x) is
h (x) = 2sLh(2x)[1 — 21In(a)] + 4zcLh(2x)

this show h'(2) > 0 Then we obtain h(x), g(x) are increasing and positive functions on (0, 0o). Hence,
we get f(x) is an increasing on (0,00), by using lim,_,q+ f(7) = 4(In(a))3. We conclude that

f(@) > 4(In(a))?

Lemma 2.5. [22,23] If z,y > 0, and p € [0,1], then

px + (1= p)y > aty'
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Lemma 2.6. [22,23] (Cauchy-Schwarz inequality) If z;,y; > 0, then

n 2 n n
(zy> S Yy
=1 =1 =1

Lemma 2.7. If ;,y; > 0,¢=1,2,...,n, then

(Z(xi - yi)) >4 (Z M) (Z W) (©)

PrOOF. We know that: 4oy < (z +y) 2 Vr,y >0
2
Z Z [xs + y;
(‘1 Zyl) (‘1 Z 2 Z )
1= 1=

() (572

a; + 7
- % (v )

And by Lemma 2.6, we get

(e 7

=1

n 2 2
>4/t <:ry s )
=1

Lemma 2.8. If z,y > 0, 2 > y and p € [%, 1], then the following inequality holds:
pr+ (1= py > a7k 4+ (2 = 1)(z —y) > aty' (10)
PRrROOF. We obtain the first part of the inequality directly from Lemma 2.5
pr+ 1 —py = Cu—-1@-y)+ 1 -pz+pupy
> Tyt 4 (2p—1)(z —y)
Now, we have to illustrate that the below inequality holds :
2Ry 4 2p = 1) (x —y) >ty

For this let’s define a function f:[1,00) — R

fO)=t""*+Cu-1)(t—-1)—t*

)= (1=t + (2n = 1) — ™!

P10 = (= (0t = = 1002 = = 1) s = | 2 0% 21

then we obtain :
Vi>1, () > f'(1) =
thus f(¢) is an increasing and positive function for all £ > 1. If we take t = T and multiply both sides
Yy

of the inequality by ¥, then we obtain :

() "oremmvemn= (s

or
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Lemma 2.9. If z,y >0, x >y and p € [%, %], then the following inequality is satisfied
x4 (1— p)y > gh YR g % > ghyl=h (11)

Proor. By Lemma 2.5, we obtain

1 3 T — 13 T —
prt (L= py = (n—5)z+ (5 — ply + 2 > ar-sydn g 227
2 2 2 2
Now we have to demonstrate that the following inequality is satisfied:
xu*%y%*# + L ; Yy > xuylﬁu (12)

By Lemma 2.5, we obtain

Also we know for all p € [3, 3]
or

is true. Then we get:

G266 o

It is clear that the inequality (12) is equivalent to the following inequality:

x;y > o2y [z — ]

If x = y, the inequality is trivial. So let’s assume x > y and divide both side of the inequality by
VYT — /) then we get the following inequality:
z\F 2
- (5)
Yy

:((G)

This inequality is true according to the (13). O

Ibrahimov [24] proved the below inequalities for generalized hyperbolic functions
Theorem 2.10. If x > 0 and s > f > 1 then the following inequalities are satisfied:
i. sinhg(x)In f > sinh¢(z)Ins
ii. tanhg(z)In f < tanhy(x)Ins

iii. coshs(x)In f > coshy(x)Ins
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3. Main Results

Theorem 3.1. (Wu-Srivastava type inequality) If 2 nonzero real number then the following inequality

holds: )
T T 1 1
_— 1 14
(sLh(m)) + tLh(x) ” na (4lna * > (14)

PRrROOF. From the properties of hyperbolic Lucas functions, obviously that it is sufficient to prove the
theorem for z > 0.
Let f: RT — R be a function defined by

f(z) = 2+ xsLh(2x) — ﬁ (411104 + 1) sLhQ(x)

The derivatives of f(x) are

f(z) =2z — (1 + 21:1a> sLh(2x) + 2zcLh(2x) In«
F'(x) = (2 = cLh(2z) + 4zsLh(2z)) (In())?
" (x) = —=2sLh(22) In(a) + 4sLh(2z)(In())? + 8zcLh(2z)(In(a))?
f®(z) = —4cLh(2x)(In(a))? 4 16¢Lh(2z)(In(a))? + 16zsLh(22) (In(a))*
= 4deLh(2z)(In(e))?(4In(a) — 1) + 162sLh(27)(In())*

"

This means that f®(z) > f®(0) = 8(In(a))?(4In(a) —1) > 0, £ (0) =0, f'(0) =0, £ (0) = 0. Thus
(@), ' (x), f (z) and f(z) are increasing and positive functions on the interval [0, c0), this means
that f(x) > f(0) =0, for all x > 0. Therefore

1
2 + xsLh(2x) > — (

" lha

2
o + 1> sLh*(x)

By dividing both sides of the inequality by sLh?(x) for = > 0, we obtain

T 2+ T < 1 1 41
sLh(x) tLh(z) = Ina \4lna

O
In addition we give Cusa-Huygens type inequality for hyperbolic Lucas functions.
Theorem 3.2. If x # 0, then the following inequality is satisfied:
Lh Lh
sLh(z) (c 2(95) + 1) In(a) (15)
x

PROOF. From the properties of hyperbolic Lucas functions, obviously that it is sufficient to prove the
theorem for z > 0.
Let f: RT — R be a function defined by

flz) = <CLZ($) + 1> In(a) — 220

x
The derivative of f(x) is

flz) = 5L2h$(33) (In(a))? — xeLh(z) ln;c;) — sLh(x)
2?sLh(x)(In(a))? — 2xcLh(x) In(a) + 2sLh(x)
222
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In addition, let g : RT — R be a function defined by
g(z) = 2?sLh(z)(In(a))? — 2zcLh(z) In(a) + 2sLh(x)

The derivative of g(z) is
g (z) = z%cLh(z)(In(a))® > 0

Then we obtain g(z) is an increasing function on (0, 00). This means that g(z) > ¢(0) = 0. Hence, we
get f(z) is an increasing on (0,00), by using

lim [(CL’;(”“’) + 1) In(a) — SM(”“’)} — 0

z—0t x
We conclude that f(z) > 0. O
Furthermore, we give Huygens type inequality for hyperbolic Lucas functions.

Theorem 3.3. If x # 0, then the following inequality is satisfied:

pSL0@) | HLAE) g ) n(a) (16)

x T

PrRoOOF. By Lemmas 2.4, 2.5, we get

2sLh(z) 1tLh(z) [sLh(z)\3 [tLh(z)\? sLh(z) 1 i
3 =z +§ x >( x > ( x >_ x 3cLh(x)>(4)31n(a)

Besides, we give two Refinements of Huygens inequality for hyperbolic Lucas functions.
Theorem 3.4. If x # 0, then the following inequality is satisfied:

pSLh@) | tLh(@) _ <sLh(:p)>§ <tLh,(:c)>§ 4 SLAGE) —tDh@) g

PROOF. From the properties of hyperbolic Lucas functions, obviously that it is sufficient to prove the
theorem for z > 0. By using Lemmas 2.4, 2.8 we get

zsLh(x) | Ltlh(z) (sLh(x)) <tLh(x)> ! (sLh(m) —tLh(a:)) .

wl—
wln

! b <3LE(@-)>§ <:§sz(:c)>é _ i‘LZ(fﬂ) : cilh(x) > (4)5 In(a)

Theorem 3.5. If x # 0, then the following inequality is satisfied:

psLh(z) | tLh(z) _ [ <5Lh(x)>6 (tLh(x))G | sLh(x) tLh(x)] 54} In(a)

T T T T 2z

PRrROOF. From the properties of hyperbolic Lucas functions, clearly that it is sufficient to prove the
theorem for z > 0. By Lemmas 2.4, 2.9 we get

2sLh(x) 1tLh(z) sLh(x)
5z 3 g ( )

=

<tLh(x)>2 | sLh(@) — tLh(x) _

T 3 =z i <8sz(9¢))§ <tuz($)>§ _ sLZ(m)Qj CLlh(x) > (4)5 In(a)
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Next, we give Wilker’s inequality for hyperbolic Lucas functions.

Theorem 3.6. If x # 0 then the following inequality is satisfied:

2
<5Lh(:n)> + tLMz) > 4(In a)% (17)

x x

PRroOF. From the properties of hyperbolic Lucas functions, clearly that it is sufficient to prove the
theorem for z > 0. By Lemmas 2.4, 2.5 we get

1 sLh(x) 1tLh(z)  sLh(z) [tLh(x) sLh(z)\® 1 3
5( x )2+§ z x :\/< x >'cLh(x)>2(lna)2

O
Finally, we give Wilker’s-Anglesio inequality for hyperbolic Lucas functions.
Theorem 3.7. If x # 0 then the following inequality is satisfied:
Lh(z)\> tLh 8
<s(a:)> + tLMz) >2lna+ g(ln o) a3t Lh(x) (18)
x x

PRrROOF. From the properties of hyperbolic Lucas functions, clearly that it is sufficient to prove the
theorem for = > 0. Let B : Rt — R be a function defined by

1 sLh(z)\* 1 tLh(z)
4(lna)2< x ) +R x
x3tLh(x)

B(x) =

Babhsi [8] proved that this function is increasing on (0, c0) and

) 8(In )3
lim B(z) = 1
A B == (19)
This means that ) ,
1 sLh(x) 1 tLh(x) 8(Ina)® 4
= ) o Y 8y
4(In ov)? < x ) - ha z * 5 tLh(z)

It is obvious

1 |/sLh(z)\? tLh(z) 1 sLh(z)\?> 1 tLh(z) 8(lna)?
2 L
Ina ( T >+ T >4(1na)2 x R R Mz)
Hence 9
sLh(x) tLh(x) 8 43
< - > + — > 2lna + g(lna) xz’tLh(z) (20)
O

Corollary 3.8. If x # 0, then the following inequalities are satisfied:

2 1 sLh(z) o/ 1+ cLh?(x)

EsLh(a:) + ;tLh(x) > 1+2 B0 (21)
sLh(z) o/ 1+ cLh?(x) sLh(x) 2

e\ 2 e (1 + cLh(x)) (22)

sLh(z) 2 3
. (1 + \/m) > 3v/41n(«) (23)
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ProOOF. By Lemma 2.7 we obtain:

2sLh(z) + tLh(xz) > sLh(x) + 2</5Lh(x)2tLh(x) (sLh?(x) + tLh?(x))

o1+ cLh?(x)

=sLh(z) [ 142 SeLhi(x)
Hence, (21) is proved. By Lemma 2.5 we obtain:
1+ cLh?(z) > 2cLh(z) (24)
2 3

b V/eLh(z) & Y/eLh(z) (25)

and by inequality (24), we get the inequality (22). Also by using Lemma 2.4 and inequality (25) we
obtain the inequality (23). O

Now we calculate the limit using Theorem 3.2 and Lemma 2.4 without using L’Ho6pital’s rule.

Corollary 3.9.
. SLh(x)
lim

x—0 xT

=2In(«) (26)

Proor. By Lemma 2.4 and Theorem 3.2, we obtain

VAcLh(z)in(a) < SLZ(:E) < (CLZ(QC) + 1> In(«)

Take f(z) = ¢/4cLh(z)In(a); g(z) = sLZ(x); h(z) = (CLZ(:U) + 1) In(a)
Then

iﬂ% flz) = ili% v/ 4cLh(z)In(a) = 21In(a)
and

. . cLh(z)
t o) = i (5

+ 1) In(er) = 21In(v)

By Sandwich theorem,

L
lim 2 iz) =2In(a)
z—0 X
O
Corollary 3.10. If z > 0, then the following inequality is satisfied:
2sinh(x)(Ina)? + tLh(x)Ina > sLh(z) + tanh(z) (27)

PROOF. Let f be a function defined by
f(z) = 2sinh(z)(Ina)? + tLh(z) Ina — sLh(x) — tanh(z)

The derivative of f(x) is

nao)?
f’ () = Ina (2cosh(z) Ina — clh(x)) + <(i21(:c)))2 - (coshl(:v))z) >0

According to Theorem 2.10 f(x) is an increasing function on [0, 00), this means that

f(z) = f(0) =0
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4. Conclusion

In this study, analogues of some important inequalities related to hyperbolic and trigonometric func-
tions are obtained for hyperbolic Lucas functions. In addition, some modifications of Young’s in-
equality have been proved and new results have been obtained for Lucas functions as a result of
these modifications. In the future studies can investigate improvements and generalizations of these
inequalities.
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