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1 Introduction

When studying mathematical inequalities, it is often useful to find generalizations of known results.
These generalizations can provide deep insights into the structure of inequalities and their applica-
tions in various areas of mathematics. They can be established using integer series expansions of

well-known elementary functions. For a more rigorous treatment of this topic, see [2,5,7,9,11-15].

A brief discussion of recent progress in the inequalities of some trigonometric and hyperbolic

functions is given below. In 2021, Bagul et al. [2] studied the following inequalities: For r > 0 and

2 sinh 2
(1 + z2> e’ < 2T o (1 + ;1:2) e
s x 7T

where a = In [7?(sinh7)/r(7? + r%)] /r? and b = 1/6 — 1/ are the best possible constants in the

x € (0,r), we have

exponential term. To prove these inequalities, the author used the concept of series expansion.
For the details, see [2]. Later, in 2023, Li et al. [8] presented the proof of the following inequalities

involving sine and hyperbolic sine functions using power series expansion: For |z| < 7/2, we have

4 L u 2 3 _sin(20) sz 4 L u 2 3. 1
— l|cosz+— | ——- < —= —l|cosx+ — | ——+-—=zx
4 4= 2 z 15

and, for x € R and an integer n > 2, we have

- inh (2 inhe _ 4 11\* 3
1+2008hm+2bkm2k < sinh (2) D e < — (coshx—i— ) - -
= 2z T 15

where by, = (22F — 4k)/(2k + 1)! for k =2,3,...,n.

In 2018, Malesevié, et al. [10] gave the following generalized inequalities: For 2 € (0,7/2) and an

integer n > 1, we have

2+ coszx 2n sinx 24 cosx 2ol
i —1)**1B(k)z?* < < —1)**1B(k)2?*
3 +l§< ) B (k)2 < — ; +k222< ) B (k)"

where B(k) = 2(k —1)/[2(2k + 1)!].

The following result gives us sharper bounds on the above inequalities established by Bagul et al.

[4]: For an integer n > 1, m =2n — 1, and = € (0,7), we have

sinx

F(z) <

< G(x),
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where .
m+
2m + cosx 2 k—m &
F(z) = 1)kt 2k
@) = =1 +2m+1kZ:1(2k+1)!( )
and )
(2m + 1) 4 cosx 2 Ek-m-1 bl 9k
G(x) = —1)kHtg2r,
(@) om + 3 2m+3; A

In parallel to these remarkable modern results, there are some open problems on similar functions.
For example, in 2019, Bagul et al. [3] posed the following open problems on some trigonometric

and hyperbolic functions:

(1) For x € (0,7/2) and p > 2, we have

Pt (cosz)? > sin (px) . (smx) .
px T

(2) For x € (0,7/2) and p € (0, 2], we have

sin (px) Jrp(smx) o1t peose.
px T

(3) For x € R — {0} and p € (0,2], we have

p+ (coshz)? >

sinh (px) +p (sinh at)

px T

(4) For z € R — {0} and p > 2, we have

inh inh
sinh (pz) tp <sm x

) > 1+ pcoshz.
px

X

This article is an attempt to prove two open problems, namely those presented in Items 2 and 4,
which are further listed in the main results. Our focus is to show that these inequalities hold for a
wide range of p. It is important to note that while the inequalities we prove are useful for a wide
range of p and x, we do not claim that these inequalities are optimal in the sense of sharpness.
There is scope in the future to find sharper bounds on these inequalities for particular values of
p. In particular, the first inequality we prove holds for p > 2, and the second for p € (0, 2), which

may also be useful to researchers for further development.

The plan is as follows: First, Section 2 gives some preliminary remarks that will be useful for the
gradual development of this article. Section 3 deals with our main results, supported by graphics,

and Section 4 is the concluding part.



434 R. Shinde, C. Chesneau & N. Darkunde

2 Preliminaries

Well-known power series expansions derived from sinh z and cosh z are the following formulas:

9]
x2n+1

sinhz = ;m7

st 2n+1 2n+1
sinh (px) Z
(» T (2n+ 1)
oo :L,Qn
coshx = E o1
n=0 ( n)
and, an immediate consequence of the previous formula,
0 x2n+1
xcoshz = oo e
— (2n)!

We may refer to [1] and [6].

3 Main results

(2.1)

(2.2)

In this section, using power series expansion and some trigonometric identities, we present the

proof of two inequalities.

Theorem 3.1. For x > 0 and p > 2, we have

inh inh
sinh (px) tp (sm x

) > 1+ pcoshz.
px

Proof. To prove this result, let us consider the following function:
f(z) = sinh (pz) + p® sinh z — px — p®z cosh z.
A differentiation work gives

f'(x) = pcosh (px) 4+ p? cosha — p — p*{coshx + sinh '}
= pcosh (px) + p® coshz — p — p? coshz — p?x sinh

= pcosh (pz) — p — p*xsinhz

and

f"(x) = p*sinh (pz) — p*{sinh z + = cosh z}.
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From Equations (2.1), (2.2) and (2.3), we can decompose f”(x) as

e’}
2n-+1 2n+1 z2n+1 I2n+1

" 2 Dop S
fi(x)=p Z (2n+1)! _;(2n+1)!_gm

_ p2 i p2n+1 2n+1 2n+1 i (QTL + 1)I2n+1
(2n+1)! (2n+1)! o (2n+1)!

0 2n+14.2n41
) pn n

Lo
2n+1)! g (2n+1)! (2n+1)!

Ln=0

2 + QTL 2n+1‘| o, o [p2n+1 _ (2 + 271)] $2n+1
n=0

For p > 2, the Bernoulli inequality gives
p (24 2) > 14+ 1) —(242n) > 14+ (2n+1) — (24 2n) = 0.

Therefore, for any « > 0, we have f”(x) > 0. Hence, we conclude that, for z > 0, f/(z) is strictly
increasing. As a result, we have f/(z) > f/(0) with f’(0) = p —p = 0. This implies that f(x) is
strictly increasing, so f(x) > f(0) with f(0) = 0. By taking into account the definition of f(z),
we find

sinh (pzx) +p (sinh x
px x
The proof ends. O

> > 1+ pcoshz.

Thus, through Theorem 3.1, we provide the solution to one of the open problems in Bagul et al.
[3]. Figures 1 and 2 illustrate the validity of Theorem 3.1 by considering the following bivariate

function with respect to z and p:

fi(z,p) = M +p (Sinhx

pr

) —1—pcoshux,

with £ > 0 and p > 2.
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Figure 1: Three-dimensional shape plots of the function f,(z,p) for x € (0,2) and p € [2,4).
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Figure 2: Three-dimensional intensity plots of the function f,(z,p) for x € (0,2) and p € [2,4).

It is clear that the zone corresponding to the negative values is never reached, implying that

fi(x,p) > 0 for the considered configuration, which is consistent with Theorem 3.1 as expected.

The next result concerns another open problem in Bagul et al. [3].

Theorem 3.2. For z € (0,7/2) and p € (0,2], we have

sin (pz) +p <smx> 14 peost.
pT T
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Proof. To prove this theorem, let us consider the following function:
g(x) = sin (pz) + p*sinz — pr — p*x cos .
A differentiation work gives
g (x) = pcos (px) + p*cosx — p — p*(cosz — wsinx) = pcos (pr) — p + p*rsinz
and
g"(x) = —p?sin (pz) + p*(sinz + z cosz) = p*[sinx + x cos x — sin (pz))].

Owing to basic trigonometric identities, we obtain
sin (pz) = sin[(p — 1)z + x] = cos [(p — 1)x]sinx +sin [(p — 1)z] cos x.
Hence, we can rewrite ¢”(x) as

g"(z) = p*{sinz + x cosx — cos [(p — 1)z]sinz — sin[(p — 1)x] cos z}

= p?[{1 — cos[(p — 1)z]} sinx + {x — sin[(p — 1)z]} cos z].

We know that, for z € (0,7/2), we have sinz > 0 and cosz > 0. Also, for any p € (0,2] we have
cos[(p — 1)z] < 1, implying that 1 — cos[(p — 1)z] > 0.

Now, let us discuss the sign of the term x — sin[(p — 1)z] by distinguishing the cases p € (0,1] and
pe (1,2

For p € (0,1] and z € (0,7/2), it is immediate that
—sin[(p — 1)z] =sin[(1 — p)z] > 0.

Hence, we can conclude that z — sin [(p — 1)z] > 0.

Now for p € (1,2] and z € (0,7/2), thanks to the classical sine inequality: siny < y for y > 0, we
have

sin[(p—1)z] < (p— 1)z < .
Thus, we have z —sin [(p — 1)z] > 0.

As a result, we can conclude that ¢g”(x) > 0. Thus, for z € (0,7/2), ¢’(x) is strictly increasing. As
a result, we have ¢'(x) > ¢’(0) with ¢’(0) = p — p = 0. This implies that g(x) is strictly increasing,
so g(x) > ¢(0) with g(0) = 0. Thanks to the definition of g(x), we establish that

sin (pz) +p<smx> ~ 14 peosa.
px T
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This achieves the proof. O

Hence, through Theorem 3.2, we offer a solution to one of the open problems in Bagul et al. [3].
Figures 3 and 4 illustrate the validity of Theorem 3.2 by considering the following bivariate function

with respect to x and p:

sin (px sinx
gx(x,p) = sin (pz) +p (—) —1—pcosu,
pT T

with z € (0,7/2) and p € (0, 2].

0.25
0.20
0.15
0.10

0.05

Figure 3: Three-dimensional shape plots of the function g,(z,p) for = € (0,7/2) and p € (0, 2].
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Figure 4: Three-dimensional intensity plots of the function g, (z,p) for z € (0,7/2) and p € (0, 2].
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We note that the zone associated with the negative values is never reached, suggesting that
gx(z,p) > 0 for the configuration under consideration, which is in expected agreement with Theo-

rem 3.2.

During our graphical investigation, we found that Theorem 3.2 can be conjectured to be valid for
x € (0,7) instead of just z € (0,7/2), as shown in Figure 5 with the absence of a negative value

zone. The rigorous proof, however, remains a new challenge to be investigated in the future.

h L I I I I L
0.0 0.5 1.0 1.5 20 25 3.0

Figure 5: Three-dimensional intensity plots of the function g (x,p) for z € (0,7) and p € (0,2].

4 Conclusion

In this article, we have given simple and elegant proofs for two open problems posed by Bagul et
al. in 2019 [3], which concern inequalities related to trigonometric and hyperbolic functions for a
large range of p and x. The presented inequalities generalize existing results for large values of p

and provide researchers with valuable insights and tools for further developments in this area.
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