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A MONOTONICITY THEOREM FOR THE
GENERALIZED ELLIPTIC INTEGRAL OF THE FIRST
KIND

Qi Bao, Xue-Jing Ren and Miao-Kun Wang*

For a € (0,1/2] and r € (0,1), let #Z(r) (2 (r)) denote the generalized
elliptic integral (complete elliptic integral, respectively) of the first kind. In
this article, we mainly present a sufficient and necessary condition under
which the function a + [#(r) — #a(r)]/(1 — 2a)*(A € R) is monotone on
(0,1/2) for each fixed r € (0,1). The obtained result leads to the conclusion
that inequality

™

H ()= (1=2a)" [# () - 7

| <) <)~ (120" [# () - T]

holds for all a € (0,1/2] and r € (0,1) with the best possible constants
a=m/2and 8 = 2.

1. INTRODUCTION

For r € (0,1), Legendre’s complete elliptic integral of the first kind [5, 21] is
defined by

7\'/2 1
H(r) = / R —
0 V1 —r2sin’t
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This integral is a special case of the Gaussian hypergeometric function [3, 7, 9]

F(a,b;c;z) = oF1(a,b;cx) = Z (an)(b,n)

n=0

z" z| <1
(c.nynl szl <,

where (a,n) is the Pochhammer symbol or shifted factorial defined as (a,0) = 1
for a # 0, and (a,n) = ala+(a+2)---(a+n—-1) =T(n+a)/T(a) for n €
N={1,2,3,---},and [(z) = [;° t* 'e~'dt(Rex > 0) is the classical Euler Gamma
function. Indeed, we have

T 11

(1) H(r)=SF (2,2;1;r2>.

For a € (0,1/2] and r € (0,1), the generalized elliptic integral of the first
kind is defined as [3]

©) Halr) = SF(a.1 —a;1:r?),

when a = 1/2, the function J#,(r) reduces to the complete elliptic integral of the
first kind . (r). It follows from integral representation of the Gaussian hypergeo-
metric function that J#, (r) satisfies the following integral formula[l, 21]

/2
(3) Ho(r) = [sin(ra)] /0 (tanz)'~2%(1 — r%sin® ) ~%dx.

The complete elliptic integrals and generalized elliptic integrals have wide
applications in many mathematical branches as well as in physics and engineer-
ing [4, 8]. In recent years, they have frequently occurred in geometric function
theory, the theory of mean values and number theory. Especially, a lot of con-
formal invariants and distortion functions in conformal and quasiconformal maps,
and modular functions in Ramanujan’s generalized modular equation all depend
on the two integrals J# (r) and #,(r) [3, 4, 14, 17, 18, 19, 20, 25, 26]. In
reviewing the research results of J# () and J#,(r) in the past few years, they can
be broadly classified into two kinds. One is to prove monotonicity properties of cer-
tain combinations of ¢ (r) and %, (r) with respect to r € (0,1), and thus extend
some classical inequalities of # (r) to the case of J#;(r). The other one is to study
the dependence of %, (r) on the parameter a, and obtain some sharp upper and
lower bounds for JZ;(r) in terms of J#(r). Relatively speaking, the study of the
dependence on the parameter a of J#,(r) is more difficult and fewer achievements.
For above, and the recent development of 7, (r) and ¢ (r), the readers can refer
to the literatures [2, 10, 11, 12, 13, 22, 23, 24, 27, 29].

In 2000, Anderson, Qiu, Vamanamurthy and Vuorinen [3, Corollary 7.3]
proved that, for each r € (0,1), the function a — J#,(r) is strictly increasing
from [0,1/2] onto [r/2, % (r)], and therefore derived that inequality

(4) Ha(r) <K (r),
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which holds for each a € [0,1/2] and r € (0,1).

Very recently, Qiu, Ma and Bao[16, Theorem 1.1] showed that, for each
r € (0,1), the following functions

6)  fa@="" aeR) wd o) = T2 (e

are both strictly increasing (decreasing) on (0,1/2] if and only if A < 0 (A > 1,
respectively), and substantially obtained that

(6)  3(1-2a) + 20 (r) < Ho(r) < min {Jf(’")’ 3 Fralos 7 - 2 }

for each a € [0,1/2] and r € (0,1), with equality in each instance if and only if
a = 1/2. Moreover, the authors[16, Theorem 3.6] also proved that the function r —
[Ao(r)—m/2]][A (r)—m /2] is strictly decreasing from (0, 1) onto (sin(ma),4a(l1—a)).
Consequently, for each a € [0,1/2] and r € (0, 1), the double inequality

(7) g + [J}f/(r) - g] sin(ra) <A (r) < g +4a(1 — a) [J}ff(r) - g]
holds true.

Motivated by the functions fi (a) and fi x(a) defined in (5) and inequality
(6), in this paper, we shall introduce another combinational function of J# (r) and
Ho(r) with one free parameter A\ € R,

a € (0,1/2],

and establish a sufficient and necessary condition under which g(a) is monotone
on (0,1/2] for each r € (0,1). Exactly speaking, we shall find all values of A € R
such that g(a) is strictly increasing or decreasing on (0,1/2] for each r € (0,1),
and thus establish several new inequalities between ¢ (r) and J#,(r). Besides, the
refinement of inequality (7) will also be given in the following Theorem 2.

In the sequel, we always let a € (0,1/2], N (R) denotes the set of positive
integers (real numbers, respectively) as usual, Ng = NU {0}, let

(a,k)(1— a, k) (1/2,k)]°
9) cr = (K)2ap = (a,k)(1 = a, k), dix = (K)*bx = (1/2, k)%,
(10) Pia(r) =5 > an®™, Pon(r) =53 bur™,
k=0 k=0
d, [7* 1 T o= Dp o,
o =[5 ()]s p0= 5

n=1
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Recall that the Psi (Digamma) function is defined by [1, 6]

(12) w(2) = 28 Rep s o,

and the Gamma function I'(x) has the well-known Euler’s reflection formula

(13) Ia)'(l—-a)= Sin(ra)
Theorem 1. Let r € (0,1), A € R, and D(r) be as in (11). Define the function g
on (0,1/2] by

H (r) — Ha(r)

14 = —

Then g is strictly increasing (decreasing) on (0,1/2] if and only if X > 2 (A <
/2, respectively). Moreover, g(0%) [x—o= A (r) — 7/2, g(1/2) |x=2= D(r), and
9(0%) azrjo= H (1) — /2, g(1/2) [x=r/2= 0. In particular, for a € (0,1/2] and
re(0,1),

s

(15)  max {Ji/(r) — (1 - 2a)™/? [ji/(r) - 5] () — (1 — 2a)2D(7")}

< Ha(r) < (r) — (1 - 2a)? [%(r)_ g}

with equality in each instance if and only if a = 1/2.

Theorem 2. Let a € (0,1/2), n € Ny, and Py ,(r) be as in (10). Define the
function f on (0,1) by

then f is strictly decreasing on (0,1) with

f0F) == L ELE 1?)(2%12)2 Q)sn(ma) -y - sin(ra).

In particular, for a € (0,1/2], r € (0,1) and n € Ny,
(16) Prp(r) + [H(r) = Pon(r)]sin(ma) < Ha(r) < Pun(r) + a2 (r) — Pon(r)],

with equality in each instance if and only if a = 1/2.
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2. PRELIMINARIES

In this section, we shall prove several Lemmas, which will be used in the proof
of our main results.

Lemma 3. ([5, Lemma 5.1]) For —oo < a < b < o0, let f, g : [a,b] = R be
continuous on [a,b], and be differentiable on (a,b). Let ¢'(x) # 0 on (a,b). If
f'(x)/g'(x) is increasing (decreasing) on (a,b), then so are

[f(z) = f(@)l/lg(x) = g(a)] and [f(x) = f(b)]/[g(x) — g(b)].

If f'(z)/¢'(x) is strictly monotone, then the monotonicity in the conclusion is also
strict.

Lemma 4. ([15, Lemma 2.1] and [17, Lemma 2.4]) For n € Ny, let v, and s, be
real numbers, and let the power series R(z) =Y " rpa™ and S(z) = Y07 ) spz"
be convergent for |x| < 1. If s, > 0 and not all vanish for n € Ny, and if rn/sn
is strictly increasing (decreasing) in n € Ny, then the function x — R(x)/S(z) is
strictly increasing (decreasing, respectively) on (0,1).

Lemma 5. ([28, Theorem A]) Let the functions f, g be defined on (0,00) such that
their Laplace transforms Z(f) = [;° f(t)e=*'dt and L (g) = [, g(t)e"'dt emist
with g(t) # 0 for all t > 0. Then the ratio L(f)/L(g) is decreasing (increasing)
on (0,00) if f/g is increasing (decreasing) on (0,00).

Lemma 6. For a € (0,1/2], let p(a) = (1 — 2a) cos(wa)/[1 — sin(wa)], then p is
strictly increasing from (0,1/2] onto (1,4/7].

Proof. Clearly p(0) = 1, and by 'Héptial’s rule we have p(1/2) = 4/7. Let pi(a) =
(1 — 2a) cos(wa), pa(a) = 1 — sin(wa), ps(a) = 1 — 2a and py(a) = cot(ma). Then
p(a) = pi(a)/pa(a), pr(1/2) = p2(1/2) = p3(1/2) = pa(1/2) = 0 and

P} (a) _2 n ps(a)  pi(a) _ 2sin?(ma)
Ph(a) pa(a)’  pia) ™
Applying Lemma 3 twice, the monotonicity of p(a) on (0,1/2] follows. O

Lemma 7. Let n € Ny, ¢y, d, and Dy, be as in (9) and (11). Then

. dn —Cn
lim ——— =D,,.
a—1/2 (1 — 2a)?
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Proof. By (12), (13) and I'Hépital Rule twice,

w1 [eatn) w1 —atn) () 00— ae,
a—1/2 (1 —2a)2  4a>1/2 1—2a
1 . ! !/ !/ /!
=—8agr;1/2{w<a+n>+w<1—a+n>—w<a>—w<1—a>1cn

+ W(a+n) =1 —a+n)—pa) + (1 - a)Fcn}

_ %" [7;2—77/;’(714—1/2)} —D,.

Lemma 8. For each a € (0,1/2), define the function h on (0,00) by

by V) 1)
2p(x +1/2) — (1 —a+z) —Y(a+z)

Then h is positive and strictly decreasing on (0, 00).

Proof. Write h(x) = hy(x)/ha(z), where
hi(z) =¢'(z +a) = (x+ 1 -a),

ha(2) = 20z +1/2) — (1 — a+ 2) — la + ).
Since ¢’ is strictly decreasing on (0,00) and a € (0,1/2), then hy(z) > 0 for all
€ (0,00). Also, due to
Ohz =¢'(1-—a+x)—¢ (a+z) <0,
Oa
one has ha(x) > ha(z) |4s=1/2= 0. Thus h(z) is a positive function defined on
(0,00).
According to (cf. [1])

e e} e—t e—a:t
¥(z) :/0 <t a 1—€_t> dt

w(x):/ooo e dt:.i”[ t ]

1—et 1—et

where Laplace transform of a function f(t) is denoted by Z[f], we get

o) t —(z+a)t o) t —(z+1—a)t
ha(z) :/ E—T —/ e
0 0

and

1—e? 1—et
0 1—et
t(e—af e—(l—a)f)
=<
{ 1—et ’
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oo —(z+1/2)t © —(z+l—a)t —(z+a)t
ho(z) = —2/ 67dt+/ ¢ te dt
0 0

1—et 1—et
_ /oo —26_t/2+€(a_2)t +€_ate—$tdt
0 1—e"
7 —%¢ t/2 _,r_e(afl)t 4 eat
N 1—et ’

and thereby
h(z) _ Jo ha(t)e ™'dt _ L[hy(t)]

(17) h(z) = ho(e) [ hahe il Zlha(D)]
Here
(18)  hs(t) = t(e"“l—_ Z’_(:*“”)’ ity = 227 tijt et
are both real functions defined on (0, c0).
Noting that
hs(t) tle(l-a)t _ eat] tle(1/2=a)t _ o=(1/2-a)t]

(19)

ha(t)  e(-a)t f eat —9¢t/2 — o(1/2—a)t | o—(1/2—a)t _ 2
_ 2tsinh[(1/2 —a)t]  tcosh[(1/2 —a)t/2]
" 4sinh?[(1/2 —a)t/2]  sinh[(1/2 — a)t/2]
2 [(1/2 — a)t/2]
(1/2 — a) tanh[(1/2 — a)t/2]’
and h4(t) > 0 for all ¢t € (0,00) and a € (0,1/2).
Therefore, the monotonicity of h directly follows from (17)-(19) and Lemma

5 together with the fact that the function  — tanh(z)/x is strictly decreasing from
(0,00) onto (0,1). O

Lemma 9. Fora € (0,1/2), let

Y(ata)—P+1—a)—¢(a) +¢(1—a)
Iz +1/2)2/[T(z+1—a)l(z + a)sin(ra)] — 1’

q(z) =

z € (0,00).

Then q is positive and strictly decreasing on (0,00).

Proof. Let
@ (z) =@ +a) =P +1-a)=P(a) + (1 -a),
[(z+1/2)?
M(z+1—a)'(z+ a)sin(ra)
and ¢3(z) = g2(x) + 1, then ¢1(07) = ¢2(07) = 0 and

G(r) 1 Y(@+a)—¢(x+1-a)

B(r)  a3(@) (@ +1/2) (1l —a+a)—Pla+z)

-1

g2() =
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It was proved in [30, Theorem 2.6] that the function g3 is positive and strictly
increasing on (0,00). In combination with Lemma 8, we obtain that the ratio
function ¢} /¢4 is a product of two positive and strictly decreasing functions, so
that ¢ is also strictly decreasing on (0,00) by application of Lemma 3. Moreover,
for all z € (0,00), g2(z) = g3(z) — 1 > ¢3(07) —1 = 0, and ¢1(z) > ¢:(07) =0
since ¢} (z) =¢'(x +a) —¢'(x + 1 —a) > 0 for each a € (0,1/2). O

Letting x = n € N in ¢(z) defined in Lemma 9, we get a positive decreasing
sequence.

Corollary 10. Letn € N, a € (0,1/2) and ¢y, d,, be as in (9), the positive sequence

Pnta)—ypn+1-a)—¢a)+901 - a)

@n = dp/cn — 1

is strictly decreasing in n.

3. PROOFS OF THEOREMS 1 AND 2

Proof of Theorem 1. First of all, Corollary 7.3 in [3] gives

- ) - Halr) .
(20) lim g(a)] o0 = limy = 5 =)~ 5.
By (1), (2) and Lemma 7,
. . K ()=t m . > d,—c, T
21 1 = 1 e S | %n ™ Cn
GOl 0@l = I Ty~ 2 2 T e
T o dn Cn r2n
S lim —=r
2 ;aiﬁn/z (1—2a)2 (n!)?2
= fid ™ — ' (n+1/2) e
=R (n))?
T~ D, on
=32 (nh2"
n=1
= D(’I")7
and thus
(22)
i ‘%/(T) — Ha(r) : %(’I‘) - L%/a(’r) 2
1 = _ = V7 TV (1 -9 /2 - 0.
a1)2 9@ aslj2 (1—2a)7/2 asij2 (1— 2a)2 (1=20) 0
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Next, logarithmic differentiation of g yields

(1 —-2a)¢'(a) _1-2

(23) 5 (@) 5 F(a,r) + A\
where
_ 1 O[H (r) — Ho(r)] 1 O0Ha(r)
(24) F(a,r) () — Ha(r) da __f(r — Hy(r) Oa
_ 2 - Cn 7,2n - dn_cnrzn B
() ()
-1
—Ocn 1 o S~ = Cn r2n
(S ) (£ 50)
=— <i Anr2”> (i Bnr2"> :
n=0 n=0
(25) A, = Yot 1 = dni1

da [(n+ 1%’ " n+ D)2
Lemma 9 and Corollary 10 imply that B, > 0 for n € Ny, and

ﬁ _ Ocni1 1
Bn N da dn+1 — Cp41

_ W+ 1+a)—y(n+2-a)—(a)+ 91 —a)lenp _Q
N d —c - ol
n+1 n+1

is positive and strictly decreasing in n € Ny, so that F'(a,r) is strictly increasing in
r € (0,1) by (24), (25) and Lemma 4.

Clearly, F'(a,0") = —Q1 = 4/(2a — 1). For a € (0,1/2) and r € (0, 1), if we
set

/2
Fy(a,r) = / (tanz)' ~27(1 — r?sin? ) ~*dz,
0

F3(a,z) = (sinz)'~2%(cos ) ! log(sin z),

Fy(a,z) = (tanz)'2*(1 — r?sin® 2)* [2log(tan z) + log (1 — r’sin® z)] .
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Then %, (r) = Fa(a,r)sin(ma) by (3), so that

(26)
1 . OFy .
7ll_r)n F(a,r) = }1_)12 N ACESAC) mcos(ma)Fa(a,r) + 111_}11% o sin(ma)
L 7 cos(ma) A (r) . sin(ma)  OF
= () — A ()] sin(ma) T 1 Ha(r) — () Da
— lim mcos(ma) + lim 1 sin(wa) OF,
sl [ = (r) /A (r)]sin(ma)  r—1 H (1) Ho(r))H (r) — 1 Oa
_ mcos(ma) sin(7a) in 1 0F
~ sin(ma) — 1  sin(ma) — 1 r=1 2 (r) da’
an B . OFy /2
(27) / Fy(a,x) }1_% Ba —2/0 Fs(a,z)dx.

It is well known that for n € N (cf. [21]),

P (2) = (—1)" 1 /000 et /

2

logt ) dt.

Hence by (27) and by using the substitution ¢ = sin” z, we have

OF: ™/2 (sin x)' 2 log(si
lim —=2 = —2/ (sinz) (;g(smx) d(sinz)
0

r—1 Jda 1—sin“zx
_ 1 /”/2 (sinz) 2@ l.ogé‘(sin2 x) d(sin® 7)
2 Jo 1 —sin“x
1 [t t(-a)—1]eg¢ 1
= —— 7dt = — ! 1 - .
2 /0 1t p¥'(1-a)

Combining with (26), F'(a,1) = 7 cos(wa)/[sin(ra) — 1], so that F(a,r) is strictly
increasing in r from (0,1) onto (4/(2a — 1), 7 cos(wa)/[sin(ma) — 1]) for each a €
(0,1/2). Hence by (23) and Lemma 6, we conclude that

2a — 1 2a — 1
g (a) >0+ \> sup a4 F(a,r) = sup a4 F(a,0) = 2,
ac(0,1/2),re(0,1) 2 a€(0,1/2) 2
. 20— 1 . m(l —2a)cos(ma) 7
"(a) <0<= 1< f F = f -
g(e) < = ac01/Dren) 2 (@) ac(01/2) 2[1— sin(ra)] 2

for all @ € (0,1/2) and r € (0,1).
Finally, it follows from (20), (21) and (22) together with the monotonicity
properties of the functions g(a) with A = 7/2 and A = 2 that inequalities

(1202 [# () = 2] < #(r) - AHalr)

< min {(1 — 2q)"/? [%(r) - 5] (1 2a)2D(r)} .



A monotonicity theorem for the generalized elliptic integral of the first kind 375

hold for all @ € (0,1/2) and r € (0, 1), which is equivalent to inequality (15). The
remaining conclusions are clear. O

Proof of Theorem 2. If n = 0, then Theorem 2 can be found in [16, Theorem
3.6]. Following we suppose n > 1. By (1) and (2),

H(r) — Pyp(r) = Zbkr >0,
kn+1

2k k

oo o0 2
Zk:m-l apr™ Y o Qkgn1T

f(r) = Zzo:nﬂ b2k - Z;’io bk+n+17“2k .
Let
B = Uhtntl _ Fk+n+1+4+a)l(k+n+2—a)sin(ra) |
brnt1 T'(k+n+3/2)2
Then
Fpoy— By = _T(ktn+1+a)l(k+n+2-a)(1/2—a)sin(ra) _ 0.

T(k+n+5/2)2

so that the sequence {F}} is strictly decreasing in k € Ny for each fixed n € N. It
shows that the function f is strictly decreasing on (0,1) by Lemma 4. Moreover,

_ T(n+1+a)l'(n+2—a)sin(ra)

(28) lim f(r) =

r—0+ Eo= F(3/2 + n)2 7
. e Halr)[H (1) = § (oo ar®*) /K (1)
(29) Jim fr) = im = et S T
A
Jim =y = sin(ma)

Therefore, Theorem 2 directly follows from (28) and (29) together with the
monotonicity of f. O

Remark 11. Rewrite inequality (15) as

max {%( ) —(1—2a)?D g + [Jﬁf ] (1 —(1- Za)”/Q) }

< Ha(r) < 5+ a1 - ) [H () - 2],

™

2 2

we clearly see that the upper bound of J#,(r) in inequality (15) is equal to that of
inequality (7). But it is our view that Theorem 1 in this paper adds that the upper
bound is optimal in some sense. On the other hand, computational and numerical
experiments show that the lower bound of 7, () in (15) is not directly comparable
to any one of (6) and (7) for (a,r) € (0,1/2) x (0,1).
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