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Abstract. In this paper, we establish several generalized Becker-Stark
type inequalities for the tangent function. We present unified proofs of
many inequalities in the existing literature. Graphical illustrations of
some obtained results are also presented.

1 Introduction

Becker and Stark [6] established the inequality

4x2 X X2
17?<tanx<§77’ x € (0,7t/2). (1)

The inequality (1) attracted many researchers and several of its variations and
refinements have been established. We may refer to [8, 9, 10, 20, 21, 5, 11, 16,
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19, 3, 4], and the references therein for more details. Chen and Cheung [8]
proved that the best possible constants for which the inequality

2\ B 2\ %
<1—4"> < = <<1—‘;"2> ; x € (0,7/2) 2)

72 tanx

holds are o« = 72/12 ~ 0.8224 and B = 1. The inequality (2) refines (1).
Recently, Chen and Elezovi¢ [9] proved the following inequality:

w23 X 8x3

< <1——=
12 37 tanx s

x € (0,7/2). (3)

Although the upper bound of (3) is sharper than the corresponding upper
bound of (1), it is not sharper than the upper bound in (2).
The inequality
4x? X x?

7 < toanx <1-— 30X € (0,7/2) (4)

was proved by Z.-H. Yang et. al. [19, (96)]. Before we proceed further, we
would like to note that the right inequality in (4) is not good near the point
x = 71/2— as well as that this inequality is not better than the right inequality
in (2), as incorrectly stated in [19, Remark 17]. Strictly speaking, the following
inequality, which appears as a part of the equation [19, (98)], is not true since

the estimate 2
% + 4x? ™ - 3 x € (0.7/2)
72 — 4x? 3—x2’ ’

cannot be satisfied near the point x = 7t/2 — . It is also known that

2x X ™ X

1= 7 " tanx ~ 3 2’
The left inequality of (5) is due to H.-F. Ge [12] and the right inequality of
(5) is due to S. B. Steckin [18].

Among all the inequalities (1)-(5), the inequality (2) is the best. In this
paper, our aim is to obtain several generalized inequalities by studying the
monotonicity of functions with one parameter. We will obtain or refine the
above inequalities as particular cases of our results. We also aim to improve
the lower bound of (2) in the interval (0, 6.) where 8, ~ 1.3407 as well as the
upper bound of (2) near the point x = 7t/27. Our new bounds may not be
uniformly better than the ones in (2) but they certainly provide alternatives
to the best bounds.

x € (0,7/2). (5)
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2 Preliminaries and lemmas

The following power series expansions involving Bernoulli numbers can be
found in [13, 1.411]:

1« 2% 2k—1
cotx:;—z 2w [Bo|x DX < x #£0 (6)
and
22k—1 _ )

Bak™ ™ x| <7, x #0, (7)

CSCX—*"FZ

where By are the even indexed Bernoulli numbers. The expansion (7) can be
rewritten as

0 22k 1 ])
Z Bax®; x| < m. (8)
SlnX
k=1
From (6), we obtain
X \? 2 — 2k—1
= —x {cot B 0.
(sinx) %" (cotx) Z | alx® x| < m x #£ (9)

k=1
Also, with reference to [13, 1.518], we have

o (22k71 o 1)22k

In(tanx) = lnx+Z K(ZK)!

Bux?; 0<x< %[, x # 0. (10)
k=1

In addition to the above formulas, we will also use the following lemmas in
order to prove our main results. For Lemma 1, we refer to [2](see also [7, eqn
(4.3), p. 42].

Lemma 1 Let f1(x) and f2(x) be two real valued functions which are continu-
ous on [a,b] and derivable on (a,b), where —0o < a < b < co and ¢'(x) # 0,
for all x € (a,b). Let,

_ filx) —fi(a)
A(x) = ) —Hla) x € (a,b)
and
B(x) = M, x € (a,b).

fa(x) — f2(b)
Then, we have
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(i) A(x) and B(x) are increasing on (a,b) if f}(x)/fy(x) is increasing on
(ii) A(x) and B(x) are decreasing on (a,b) if f(x)/f5(x) is decreasing on

The strictness of the monotonicity of A(x) and B(x) depends on the strictness
of monotonicity of f}(x)/f5(x).

The result below shows the relationship between two consecutive absolute
Bernoulli numbers. It was established recently in [17].

Lemma 2 For k € N, the Bernoulli numbers satisfy

(22T 1) (2k+ 12k +2)  [Bara| (2% —1) (2k+1)(2k+2)
(22k+1 -1 2 Byl (22k+2 -1 2

Lemma 3 Let A(x) = Y 12, axx* and B(x) = 3 32, bix® be convergent for
Ix| < R, where ax and by are real numbers for k =0,1,2,--- such that by > 0
fork > 0. If the sequence ay /by is strictly increasing (or decreasing), then the
function A(x)/B(x) is also strictly increasing (or decreasing) on (0,R).

For more details about Lemma 3, see, for instance, [14]. The following lemma
can be found in [1].

Lemma 4 For all integers k € N, we have

2(2k)! 1 2(2k)! 1
(2m) 2T — 202k < [Baf < (2m)2< 1 — 282k (11)

with the best constants « =0 and p =2+ (In(1 —6/m%))/In2 ~ 0.6491.

3 Main results

In this section, we will state and prove our main results. In the beginning, for
any number p € R, we define

tanx —x

d)p(x) = x € (0,7/2).

xPtanx ’

Then, the following result holds.
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Theorem 1

L ¢p(x) is strictly increasing on (0,7t/2) if and only if p < 2, and
IL. &y (x) is strictly decreasing on (0,7t/2) if and only if p > /4 ~ 2.4674.

Proof. By differentiation, we have

Fp(x) = tan? x - cl)é (x) = —px_(pJ“” tan®x — (1 —p)x P tanx + x' P sec? x.

Note that ¢p(x) is strictly increasing on (0,7r/2) if and only if F,(x) > 0,
x € (0,7/2), i.e

2 cni2 X \2
X?sec? x —xtanx  (5)" —xcotx
= =f 0,7t/2).
b= tan x(tanx — x) 1 —xcotx (x), x€(0,7/2)
From (6) and (9), we get
zzk
f( ) _ ZEO] |B k|x2k+ Zk 1 2k v|BZk|X
x)= 22k |B | 2k
Zk 1 2! 2kIX
2k
Yy T Badx e g x2k
= 22k = oo 5y X € (0,7t/2).
21 (i Baxx* 2k bix

From this, we get ax/bx = 2k (k € N). Since the sequence {ayx/bylre; is
strictly increasing, we conclude from Lemma 3 that the function f(x) is strictly
increasing on (0,7/2). Hence, ¢p(x) is strictly increasing on (0,7t/2) if and
only if p < inf{f(x):0<x <m/2} = f(0") = 2. Similarly, ¢p(x) is strictly
decreasing on (0,7t/2) if and only if F,(x) < 0, which is equivalent to saying
that p > sup {f(x) : 0 < x < 7/2} = f(m/27) = 7?/4. O

Remark 1 Suppose that p € (2,72/4). Since the function f(x) is strictly in-
creasing on (0,71/2), we get from the above that there exists a unique point

€ (0,m/2) such that f(xp) = p. This implies f(x) < p for x € (0,xp) and
f(x) > p for x € (xp,7/2) so that dp(x) is strictly decreasing on (0,xp) and
strictly increasing on (xp,7/2), with dp(x) > dp(xp) for x € (0,7/2).

Let p € (—o00,4] \ {0}. Define now

Then, we have:
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Theorem 2
L p(x) is strictly decreasing on (0,7/2) if and only if p <0, and

IL. Py (x) is strictly increasing on (0,71/2) if and only if 0 < p < 4.

Proof. Set 1 (x) := In(x/tanx), x € (0,71/2) and (P2)p(x) := In(1—(px?/m?)),
x € (0,71/2). Then P1(07) = 0 = (P2)p(0) and differentiation yields

P (x) 1 2 2\ x—sinxcosx
(wz)g(x)_m( »)

1
2 Sin X COS X = E(lb.’))'p(x)a X € (0)7[/2))

where, for every x € (0,7/2),

x —sinxcosx (7 —px?) 2x :
x? sin x cos x x2 sin 2x )

(W3)plx) = (7~ p?)

By (8), we get

(ﬂz_pxz) o0 22k __ 9
halo0) =7 )~y Badl20™

o 22k 22k -2
= (=) ) B2
k=1 )
0 22k 22k -2 B o 22k 22k —2
=’ Z ((Zk)' ) Byx®™ % —p Z ((Zk)' ) B ol
k=1 ’ k=1 '

27.[2 0 7.[222k+2(22k+2 _ 2) 22k(22k _ 2) 5
= — B —p——B k
ERp ( Ok 1)1 Boks2l —Pp 2K | 2k|) X
2 &
= % + ax®,  x e (0,m/2),
k=1
where
7.[222k+2 22k+2 -2 22k 22k -2
ay = (Zk(+2)' )|BZk+2|_p((2k),)|B2k| (k € N). (12)

Case L. If p < 0, then ay > 0 for k € N and ({3),(x) is strictly increasing
on (0,7t/2). Consequently, Pp(x) is strictly decreasing on (0,71/2) by
Lemma 1.
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Case II. If p € (0,4], then —p > —4 and we have
7.t222k+2( 22k+2 _ 2)
- (2k +2)!

22k(22k o 2)

Ak (2K)!

|Bais2| — 4 Bl =:j(k), keN.

From Lemma 4, we calculate

) 22k+3 22k+2 -2 22k -2
ax > (k) ( )

IR > = \ 22 7~ 22— 28
22k+3 22k+2 ( 2_ ZB) _ 22k
mZk (2242 —1)(22k — 2B)
_ 2443 4(2—2P) -1
ook (222 1) (22k — 2B

Since 4(2 — 2B) ~ 1.7268, we get ax > O for k € N. This shows that
(P3)p(x) is strictly increasing on (0,7t/2). By Lemma 1, {,(x) is also
strictly increasing on (0,7t/2).

g

If p < 4, then the function 1, (x) cannot be defined for x > /2. Suppose
now that p > 4 and consider the function {,(x) defined for x € (0,7/,/p).
Then, the following result holds.

Theorem 3 The function \y(x) is strictly decreasing on (0,7/\/p) if p >
84/15.

Proof. Repeating verbatim the arguments used in the proof of Theorem 2,
we get that

2 o0
W3)y(0) = 25 £ 3 apd, x € (0,m/2),

3 k=1
where ay (k € N) is given through (12). Let c := 84/(157%). Then, we have

w < 7.[2 22k+2( 22k+2 _ 2)
k= (2k + 2)!

22k(22k _ 2)

IBok+2l — ¢ 211

|BZk|> =1(k), keN.

Then 1(k) < 0 if and only if

B2kl - CZZk(ZZk —-2) (2k+2)!
IB ol (2k)! 22k+2(22k+2 —2)
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_c (2k + 1)(2k+2)(22k_] —1)
4 (221 1) :

From Lemma 2, we have

Baial (2% —1) (2k+1)(2k+2)
Boy| (222 1) us

Keeping in mind the arguments used in the proof of Theorem 2, it remains to
be shown that

42% =2 - < e (22T =122 —1), keN.
After making a substitution x = 4% (x > 4), it suffices to show that

(x—1)(2x—1) <2

2(x—2)(4x—1) =4

x > 4.

The equality holds for x = 4, while the strict inequality holds for x > 4 because

the function ( N2 N
X — X —
A >
x—2)@x—1p =4

is strictly decreasing (https://www.desmos.com/calculator), as it can be easily
approved. O

Next, we will show how our results give some known and other inequalities
for x/ tanx. First of all, we can see by Theorem 1 that the function

tanx — x

P2(x) =

x? tan x
is strictly increasing on (0, 7t/2). Hence,

tanx —x

$2007) = 2 < %)

4
_lanxmx 27) = =
3 x2 tan x < ba(7/27) 2’

which gives the inequality (4). Similarly, ¢1(x) is strictly increasing on (0,7t/2)
and thus with limits at extremities we obtain
2x X

1——<
7T tanx

<1, xe(0,7t/2). (13)

This gives the left inequality of (5). Looking at the strictly decreasing function
$3(x) on (0,7/2) and the limit ¢3(m/27) = 8/m, we get the right inequality
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of (3). Indeed, this inequality can be sharpened by considering ¢, (x) for p =
% /4. Since (d)p(x))p:ﬂ2/4 is strictly decreasing on (0,71/2), we obtain

(d)p (X))p:ﬂ2/4 > (d)p(’n/zi))p:nz#; )

ie.,

2 /4
x <1—<2"> © x € (0,7/2). (14)

tanx T

The inequality (14) is better than the right inequality of (2) near the point
x = 1t/27. However, there is no strict comparison between the two.
Now it is easy to formulate the following

Corollary 1 The exponents 2 and 7 /4 such that

2 2 /4
1-(2X> <X <1—<27’[‘> . x e (0,7/2) (15)

s tanx

are optimal.

Proof. Let

_ In (1 — ta)rclx) _ 91 (X)
=" ) T e

Here g7(x) and ga(x) are such that gi(m/27) =0 = gz(7t/2). Then

(x) xZsec? x — x tanx B

J — f(x),

g9

/
1
5(x)  tanx - (tanx —x)

which is strictly increasing on (0, 71/2) as discussed in the proof of Theorem 1.
Calculating the limits at extremities, we obtain the required. O

Several other inequalities can be established by using Theorem 1. We also
have the following corollaries of Theorem 2.

Corollary 2 Ifp € (0,4] and x € (0,A), where A € (0,7/2], then the inequal-

ities
x2\ X X2\ P
1—p— — 1—p— 1
< prt2> < fanx © < pTE2> (16)

hold with the best possible constants o« = \Pp(A~) and B = 2 /3p.
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Proof. From Theorem 2, {,(x) is strictly increasing on (0,A) for p € (0,4].
So,

hp(0F) < by (x) < B(A).
Since P, (07) = 7?/3p, we get (16). 0

Remark 2 The inequality (2) can be deduced from Corollary 2, with p = 4
and A = m/2.

Corollary 3 If a > 0, then the following inequality holds:

2 2 /3a
X << n ) i x € (0,7/2). (17)

tanx 2 + ax?

Remark 3 Graphically it is observed that the inequality (17) is in fact true
for x € (0,m).

We can use Theorem 3 to prove the following important corollary:
Corollary 4 Ifx € (0,7t/\/p), where p > 84/15, then the following inequality

holds:
2N\ /3P
X X
>(1—p—= . 1

tanx — ( p7r2> (18)

Furthermore, « = 7/3p is the optimal value for which (18) holds with a
number p > 84/15 given in advance.

Albeit not used henceforward, we will state and prove the following result:

Proposition 1 Suppose that 0 < py < p2 and x € (0,7/,/p2). Then, we have

2 2
Xz TC /3}:)2 XZ s /3p1
(1 —Pznz> < (1 _P1T[2> . (19)

Proof. Let 0 < a < 1. Then, the mapping t — In(1 — at) — aln(1 — t),
0 <t < 1 is strictly increasing because its first derivative is given by

toa(l—a)t(l—t)'(1—at)™, tel0,1).
Therefore, we have

In(T—at) >aln(1—1t), O0<a<l,0<t<]. (20)
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Applying (20) with a = p1/p2 and t = px?/m?, we get

In(1 —pyx?/m?) - In(1 —pix?/m?)
P2 P1

Multiplying both sides of the above inequality with 71?/3 and taking the ex-
ponents, we immediately get (19). O

Suppose now that 4 < p < 84/15. We want to better explore the inequality
(18) and the right part of the inequality (2) in this intermediate case. First
of all, it is clear that there exists a sufficiently small real number €, > 0 such
that

tanx 2

X 2\ /3P
> <1 —p> , x € ((/\/p) — €p, /\/P). (21)

Set now

X 2 n?/3p
A= {p>4; > (1—pﬂz> for allxe(O,n/\/ﬁ)}.

tanx

By Corollary 4, we have [84/15,+0c0) C A. On the other hand, Proposition
yields that, if po >4 and po € A, then (4,po] N A = (). Therefore, it is natural
to ask: Can we calculate the set A intrinsically?

The answer is affirmative as the next result shows:

Theorem 4 We have A = [772/15, 4+00).

Proof. Define

h(x) = ln(ta?lx) - ;‘;m@ p;‘;), x € (0,7//p).

Then h(0+4) =0 and

ooy 3+ x*(2m —3p) 2
i) = 3x(m —px?)  sin(2x)
_ [3m% 4+ X2 (21 — 3p)] sin(2x) — 6x(m? — pxz)) x € 0,71/ /).

3x (2 — px?) sin(2x)

Set t := 2x € (0,27/,/p) and

(t) = sint 122 — 3pt?
I = T T 222 —3p)

t e (0,2n/\/p).
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Then, it can be easily seen that h/(x) > 0 if and only if g(t) > 0 if and only if
q(t) > 0, where

q(t) == sin(t) - |12 + 22 — 3p)] —t [1278 - 3pt2], t € [0,27/\/p).

Using https://www.symbolab.com /solver/partial-derivative-calculator, we get
that q¥(0) =0 for i =0,1,2,3,4 as well as that,

qM¥(t) = t?cost - (272 — 3p) + 10tsint - (272 — 3p) + cos t - (60p — 287%),

for any t € [0,27t/,/p). Since 22 —3p > 0 for p < 84/15, we have that
the assumption p > 77%/15 implies ¢*(0) > 0 and g (t) > 0 for all t €
(0,27t/,/p). This simply implies q(t) > 0 for all t € (0,27t/,/p) and therefore
the function h(x) is strictly increasing on (0, 7t/,/p); therefore h(x) > h(0+) =
0 for all x € (0,7/\/p) and [7m%/15,4+00) C A. If p < 7m2/15, then we have
q¥(0) =0 fori=0,1,2,3,4 and q'(0) < 0, so that t = 0 is a local maximum
of function q(t) (which can be extended to the even function defined on the
whole real line) and therefore q(t) < 0 in a right neighborhood of point t = 0,
which implies that h/(x) < 0 in a right neighborhood of point x = 0 and
therefore h(x) < 0 in a right neighborhood of point x = 0; hence, p ¢ A.
Theorem 4 is proved. O

We now propose an alternative proof of Theorem 4 through the same base-
line and the use of power series expansions.
Proof. [Alternative proof] Define

2 2

h(x) = ln(tazx) - ;Lp 1n<1 —p%), x € (0,71//P).

Then, by the power series expansion of the logarithmic function and (10), we
have

_ TLZ S 1LKX2k_ o (22! _1)22k|82 2k
3p &= ki k(2K)! ¢

h(x)

Since |B;| = 1/6, after simplification, we get

hix) = 3 can, (22)
=2

where

1 |:] pk—1 (zzk—1 o 1)22k

k|32 (2K)! Bl | -

Crk =
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Now, since [B4| = 1/30, we have ¢4 = p/(6m%) — 7/90. So, if p > 7m?/15, we
obtain c4 > 0. The rest of the proof consists in proving that cyc > 0 for k > 3.
It follows from Lemma 4 that, for any k € N,

221 2(2k)!
|B2k| < 22k—1 _ ] (27’[)2k)
which implies that
(zlk—1 . ])zzk 24k 4 k
—— Bl < 5w ==
(2k)! (271)2k 2

Therefore, if p > 772/15, the following inequality holds:

>lllk7]_ik
=113\ 75 2) |

Now, remark that the inequality (1/3)(7/ 15)k_1 > (4/7{2)k is equivalent to
21/15 < (7m%/60)%, which is true for k > 3 since 21/15 = 1.4, 7n?/60 ~
1.151454 > 1 and (772/60)3 ~ 1.52665. Thus, for k > 3, we have cy > 0.
Now, if p < 77?/15, we have ¢4 < 0. Owing to the expansion (22) and [15],
there exists a & > 0 such that h(x) < 0 for x € (0,6). This ends the proof of
Theorem 4. O

Now, Corollary 4 holds with p > 77?/15. For p = 7m%*/15, from Corollary
4, we get

7X2 15/21 X
<] — ]5> < tanx; X € (0,6), (23)

where 6 = \/15/7 =~ 1.46385--- .

Now, let us compare graphically the bounds of x/tanx given in (2) with
those obtained in (14) and in (23) in Figures 1 and 2, respectively. In each
case, we distinguish two non-overlapping intervals of values for x to show some
hierarchy for these bounds.

Based on Figure 1 and a numerical analysis, we see that, for x € (0, 8,)
where &, ~ 1.3407, the lower bound in (23) is stronger than the lower bound
in (2). It is weaker for x € (84, ), where & ~ 1.4638. Also, based on Figure 2
and a numerical analysis, for x € (0, 1), where p ~ 1.1913, the upper bound
in (2) is stronger than the upper bound in (14). It is weaker for x € (u,7t/2).
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Lower bounds: x [ (0,1.2) Lower bounds: x [1(1.2,Y15/7 )

— x/tan(x)

o | == (1-43/1) W\

< (1,7)(2/15)(;5/21) W
T T

1 — whant) RN
.- (1-ad/m) RN
(1-7¢¢ /255020 N
T T

015 020 025 030 035 040 045

00 02 04 06 08 10 12 120 125 130 135 1.40 145

Figure 1: Graphs of lower bounds of x/ tan x in (2) and (23) for (a) x € (0,1.2)
and (b) x € (1.2,1/15/7).

Upper bounds: x (1 (0,1) Upper bounds: x 1 (1, 1/2)

— xftan(¥) . 24 — xfan(x)

065 070 075 08 08 090 095 100

- (@-al ) -o (-4l r)n)
7 1-(2x/m)) s 1-(2x/m)1)
. . . . . : . : . . . .
00 02 04 06 08 10 0 11 12 13 14 1s

Figure 2: Graphs of upper bounds of x/tanx in (2) and (14) for (a) x € (0,1)
and (b) x € (1,7/2).

We conclude the paper by posing an open problem as follows:

Open Problem. Suppose that p, ¢ > 0. Then, determine the best possible
constants o ¢, Bp,¢c € R such that the inequality

C BP‘C C OCP»C
( JX&) < o < <1_px> P x € (0,m/2) N (0,7/p')
Tt tanx

holds.
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