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ABSTRACT. In the paper, the authors survey integral representations (including the Lévy-—
Khintchine representations) and applications of some bivariate means (including the logarith-
mic mean, the identric mean, Stolarsky’s mean, the harmonic mean, the (weighted) geometric
means and their reciprocals, and the Toader—Qi mean) and the multivariate (weighted) geomet-
ric means and their reciprocals, derive integral representations of bivariate complex geometric
mean and its reciprocal, and apply these newly-derived integral representations to establish
integral representations of Heronian mean of power 2 and its reciprocal.
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1. PRELIMINARIES

We recall some definitions and notion.

Recall from [66], Chapter IV] that an infinitely differentiable function f on an interval T is said
to be completely monotonic on I if (—1)"~'f(»=V(z) > 0 for € I and n € N, where N stands
for the set of all positive integers. Theorem 12b in [66] reads that a necessary and sufficient
condition that f(z) should be completely monotonic for 0 < z < oo is f(z) = [;° e "' da(t),
where «(t) is non-decreasing and the integral converges for 0 < x < oo.

In [2, 31 B3] [44], it was defined implicitly and explicitly that an infinitely differentiable
and positive function f is said to be logarithmically completely monotonic on an interval I if
inequalities (—1)*[In f(2)]*) > 0 on I for all k£ € N. In [ Theorem 1.1], [I3, Theorem 4], [31]
Theorem 1], and [33], Theorem 4], it was found and verified once again that a logarithmically
completely monotonic function must be completely monotonic, but not conversely.

In [64, Definition 2.1], it was defined that a Stieltjes function is a function f : (0, 00) — [0, 00)
which can be written in the form

fla) =20 [T datw, (L1)

T+ u

where a, b are nonnegative constants and p is a measure on (0, c0) such that fooo 1is du(s) < .

In [4, Theorem 1.2], it was proved that a positive Stieltjes function must be a logarithmically
completely monotonic function on (0, 00), but not conversely.

Recall from [64] Definition 3.1] that a function f : (0,00) — [0,00) is a Bernstein function
if (—1)*=1f*)(x) > 0 for all k € N and 2 > 0. Generally, an infinitely differentiable function
f: 1 —10,00) is called a Bernstein function on an interval T if f’ is completely monotonic on I.
The Bernstein functions on (0, 00) can be characterized by [64, Theorem 3.2] which reads that a
function f : (0,00) — [0,00) is a Bernstein function if and only if it admits the representation

flx) =a+bx+ /000 (1—e ™) du(t), (1.2)

where a,b > 0 and p is a measure on (0, 00) satisfying fooo min{1,¢}d u(t) < co. The integral
representation is called the Lévy—Khintchine representation of f. In [I0, pp. 161-162,
Theorem 3] and [64, Proposition 5.25], it was proved that the reciprocal of a Bernstein function
is logarithmically completely monotonic.

Definition 6.1 in [64) p. 69] states that a Bernstein function f is said to be a complete Bernstein
function if its Lévy measure p in has a completely monotonic density m(t) with respect to
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the Lebesgue measure, that is,
[ee]
f(x) :a—|—bx+/ (1—e)m(t)dt, a,b>0, (1.3)
0

the function m(t) is completely monotonic on (0,00), and [;~ min{1,t}m(t)d¢ < oco. Theo-
rem 7.3 in [64] reads that a (non-trivial) function f is a complete Bernstein function if and only
if % is a (non-trivial) Stieltjes function.

Let M} denote the space of n x n complex Hermitian positive semi-definite matrices with
the usual ordering that A < B means that B — A is a positive matrix. For a real func-
tion f on an interval I, if D is a diagonal matrix diag(A,Aa,...,\,), then define f(D) =
diag(f(A1), f(A2),..., f(An)). If A is an Hermitian matrix with eigenvalues belonging to I, then
define f(A) = Uf(D)U*, where A = UDU" and the diagonal matrix D is constituted by the
eigenvalues of A, with U being a unitary matrix and U being the conjugate transpose of U.
Recall from [8, Definition 2] and [64, Definition 12.9] that a function f : I — (0,00) is said
to be matrix monotone of order n if A < B implies f(A) < f(B), where A, B € M and the
eigenvalues of A and B are contained in the interval I. If for every n > 1 a function f on an
interval I is always matrix monotone of order n, then f is said to be operator monotone on
I. Theorem 12.17 in [64] states that the families of complete Bernstein factions and positive
operator monotone functions on (0, c0) coincide.

Recall from [14], 20} 21} [65] that, for r,s € R and a,b > 0 with a # b, the Stolarsky mean
E(r,s;a,b), or say, the extended mean value E(r, s;a,b), can be defined by

S _ S 1/(s=r)
E(r,s;a,b) = [M} , rs(r—s)#0;
b —a” 1/r
E . _ .
1 aaT 1/(a”=d")
E(r,r;a,b) = el/r(bbr> ) r # 0;

E(0,0;a,b) = Vab.
Specially, the quantities
E(1,2;a,b) = A(a,b), FE(0,0;a,b) = G(a,b), FE(-2,—1;a,b) = H(a,b),
E(1,1;a,b) = I(a,b), E(1,0;a,b) = L(a,b)

are respectively called the arithmetic, geometric, harmonic, identric, and logarithmic means of
two positive numbers a,b with a # b.

For a,b > 0 and A € (0,1), the weight arithmetic and geometric means are respectively defined
" Ala,b;\) = Xa+ (1= Nb and  G(a,b;\) = a*b' .

For ar > 0 and A\, > 0 satisfying ar < ax41 and 22:1 MM =1forl <k <nandn >

2, the arithmetic and geometric means and the weighted arithmetic and geometric means are
respectively defined by

k=1

An(a7 A) = Z )‘kalw

k=1
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where a = (a1, az2,...,a,) and A = (A1, Ay, ..., Ay ) For z € C, we denote
Aup(2) :A(a—i—z b+ z), wb(2) = Gla+z,b+ 2),
H,p(z) =H(a+ z,b+ z), wb(2) =I(a+ 2,0+ z),
Lasl) = ok 20+, aM(z) Mot st i)
o) =G0 3 b4, Anal?) = Aulat )
na(z) = Gnla+2), Gn,a)\(z) =Gn(a+2,A),

where a + z = (a1 + z,a2 + 2, . .., a,, + z). For more information on mathematical means, please
refer to the monograph [9].

2. ORIGINS AND MOTIVATIONS

In mathematics, integral represenataions of functions provide us a lot of valuable informa-
tion. By integral representations, one can obtain new properties of various functions. In recent
decades, there have been much work related with establishing integral representations of special
functions. By the Cauchy integral formula in the theory of complex functions, Berg and Peder-
sen [3] 4] [5] [6] [7] established integral representations of some functions involving the gamma and
logarithmic functions. Later, by the Cauchy integral formula and other analytic techniques, Qi
and his coauthors [8] 15l 24} 25] [32] [35 [37, [38], 40}, 42}, 43], (50, 54, (6, (57, 59) 60} 63] established
integral representations and the Lévy-Khintchine representations of several generating functions
of sequences in combinatorics and number theory, of some functions involving the identric and
logarithmic functions, and of geometric means and their reciprocals.

In what follows, we will pay our main attention on the Bernstein function property, integral
representations, and the Lévy-Khintchine representations of several mathematical means and
their reciprocals.

2.1. Lévy—Khintchine representation of bivariate logarithmic mean. In [22] Remark 3.7]
and its preprint [23] Remark 3.7], the logarithmic mean L, ;(x) was proved to be increasing and
concave in = € (—min{a, b}, c0).

In [26] Theorem 1] and its formally published version [32, Thereom 1], starting from the
integral representation

1
L(a,b) = / a'~v du, (2.1)
0

the logarithmic mean L, (x) was further proved to be a Bernstein function of € (— min{a, b}, 00).
Consequently, the function #() is logarithmically completely monotonic in 2 € (— min{a, b}, 00).
See also [61] Section 1.6] and [63, Section 1.6].

In [60, Theorem 1.2] and its preprint [58, Theorem 4.1], combining (2.1)) with ( - ) below
deduced that, for b > a > 0 and z € C\ [-b, —a], the principal branch of the logarithmic mean
L, 3(2) has the Lévy-Khintchine representation

b—a [*P,
Lap(2) = L(a,b) + 2 + ¢ / 2(3) e ™ (1—e*%)ds, (2.2)
™ S
where

1
P,y(s) = /0 sin(Am)F (A, (b—a)s)d A

1 A
F(Ays):/ (1—1) (1— A )e—“Sdu>0.
0o \u 1—u

and
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Consequently, the logarithmic mean L, ;(¢) is a complete Bernstein function and a positive
operator monotone function of ¢ € (0,00). See also [60, Remark 4.2].

In [58, Corollary 4.1] and [60, Remark 4.4], by taking z — oo on both sides of (2.2), it was
obtained that

_ >~ p,
A(a,b) — L(a,b) = b-a / ’Z(S)e*‘” ds, b>a>0.
™ Jo

This implies the inequality A(a,b) > L(a,b) for a,b > 0 and a # b.

Since
1 In(b+2) —In(a+ z) 1 /b 1 d
= = u
Lop(2) b—a b—al, z+u
comparing with (L.I) shows that the reciprocal ;— - is trivially a Stieltjes function.

2.2. Lévy—Khintchine representation of bivariate identric mean. In [46, Remark 6] and
its preprint [45, Remark 4], it was pointed out that by standard argument the reciprocal of the
identric mean I, ;(x) can be proved to be a logarithmically completely monotonic function on
(= min{a, b}, 00). Hereafter, by virtue of the integral representation

1 b
I(a,b) :exp(b_a/ 1nudu),

it was claimed in [45, Remark 5] and [46, Remark 6] that the the identric mean I, ,(x) is a
Bernstein function of x € (—min{a,b},00). See also [63 Section 1.5] and its preprint [61)
Section 1.5]. We do not doubt correctness of this claim, we even believe that I, ;(x) is a complete
Bernstein function. But we need a complete proof for it. We also believe that such a proof should
not be straightforward, direct, and trivial.

2.3. Monotonicity and convexity concerning Stolasky’s mean. In [36, Theorems 3 to 5]

and their formally published versions [I8, Theorems 4.1 to 4.3], it was obtained that
(1) the function F sa5(t) = E(r + t,s + t;a,b) is logarithmically convex on (—oo, —252)
and logarithmically concave on (—*£2,00);
(2) the product F; s.q5(t)Fy s;0,6(—t) is increasing on (—oo,0) and decreasing on (0, c0);
(3) if r 4+ s > 0, the function ¢tIn F, 4., (t) is convex on (— rts 0); if » +s < 0, the function

2 b
tIn F s.q5(t) is convex on (O, -

5.

2.4. Stolasky’s mean is a Bernstein function. Motivated by the papers [26] B2], among
other things, Besenyei obtained in [8, Theorem 2] that, for ¢ > 0, if |r| < 1 and |s| < 2, or
|s] <1 and |r| < 2, then the function = — E, s.40(x) = E(r,s;x + ¢,x) is a Bernstein function
on (0, 00).

2.5. Lévy—Khintchine representation of bivariate harmonic mean. In the preprint [6I,
Theorem 3.1] and its formally published version [63, Theorem 3.1], the harmonic mean Hy ;(t)
was proved to be a Bernstein function of ¢t € (— min{a, b}, 00) and to have the Lévy—Khintchine
representation

Hoo(t) = Hiab) + £+ L=

7 / (1- efm)ef(‘”b)“/2 du (2.3)
4 0

and

H(a,b) = A(a,b) — % /000 e~ (@tb)u gy, (2.4)

From the representation (2.4]), the well-known inequality H(a,b) < A(a,b) for a # b follows
immediately.
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Comparing (2.3) with (1.3 reveals that the harmonic mean H, ;(t) is a complete Bernstein
function and a positive operator monotone function in ¢ € (0,00). Consequently, the reciprocal
L atbidl__ g 5 Stieltjes function on (0,00).

Haop(t) — 2(a+t)(b+t)

2.6. Lévy—Khintchine representation of bivariate geometric mean. In [63, Theorem 4.1]
and its preprint [61} Theorem 4.1], by several approaches, the geometric mean G, ;(t) was proved
to be a Bernstein function of ¢ € (— min{a, b}, c0).

In [61, Theorem 4.2] and its formally published version [63], Theorem 4.2], with the help of
the Cauchy integral formula and other techniques, it was proved that the principal branch of
Gap(2) for b>a >0 and z € C\ [-b, —a] has the Lévy—Khintchine representation

Gap(z) = G(a,b) + z + b2—7ra /000 Pl ; a)s) e ™ (1—e*%)ds, (2.5)

where
1/2
p(s) = / q(u)[1 - e_(l_Q“)s] e " du
0

is nonnegative on (0, 00) and

1 1
Q(U):\/aflfﬁ, u € (0,1)
1

is positive on (0, 1) and symmetric with respect to u = 3. In [6I, Remark 4.2] and its formally
published version [63] Remark 4.2], the integral representation

2 s

was derived from (2.5)). From the representation (2.6]), the well-known mean inequality G(a,b) <
A(a,b) for a # b follows immediately.
Since e~ e~u(b=a)s and

1 — ¢~ (1—2u)(b—a)s 1
c :/ v ldw

S —(1—2u)(b—a)

A(a,b) = G(a,b) + b_a/oo p((b_a)s)e_asds, b>a>0 (2.6)
0

for fixed u € (0, %) are completely monotonic functions of s € (0,00), and since the product of
finitely many completely monotonic functions is still completely monotonic, then the density

b=apllb=a)s) as _ D —0 as /”2 L e 2o
0

as

efu(bfa)sq(u) du

2T S 2T S

in the Lévy—Khintchine representation is completely monotonic on (0, 00). Therefore, the
geometric mean G, (¢) is a complete Bernstein function and a positive operator monotone func-
tion on (0, 00). This coincides with [15, Theorem 2.3].

Letting n =2 and A = 3 in [I5, Theorem 2.2] and [57, Theorems 3.1 and 4.6] leads to

Ga,b(z)=\/%+z+fr/b Y (t_?(b_t) L a, (2.7)

b>a>0.
t+ 2z

Taking n = 2 in [59, Theorem 1.1], that is, the integral representations (2.17) and (2.18)
below, results in (2.7) and, for b > a > 0,

[e'S) b
Ga,b(Z):\/%+Z+%/O [/ V(E—a)b—t)e ™dt|(1—e**)du (2.8)

which is more significant than (2.5)) and is equivalent to (2.7)).
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2.7. Integral representation for reciprocal of bivariate geometric mean and applica-
tions. In [42) Lemma 2.4], by two methods, including the Cauchy integral formula7 it was proved
that the principal branch of the reciprocal remm e for b > a and z € C\ [-b, —a] with a,b € R
can be represented by

1 I 1 1
—_— = — dt
Vizt+a)(z+b) TJo JE—a)(b—t)t+=2
Comparing (2.9) with (1.1)) shows that the reciprocal ﬁ(w) is a Stieltjes transform, a loga-
rithmically completely monotonic function on (—a, 00), and a completely monotonic function on
(—a,0).
In [42], Theorem 1.3], employing (2.9 derives an integral representation

1 3+2v2 1 1
D(k) = 7/ e, k>0, (2.10)
32V J(1-3+2v2)(3+2v2 —1) |

where D(k) denotes central Delannoy number which is the number of “king walks” from the
(0,0) corner of an n x n square to the upper right corner (n,n) and can be generated by

(2.9)

G(z) = ZD oF =1+ 32+ 1322 +632° + - .

VI—6z+ 22
As consequences of the integral representations (2.9) and (2.10]), the (complete) monotonicity,
(logarithmic) convexity, product inequalities, and positivity of determinants concerning the cen-
tral Delannoy numbers D(k) were deduced in [42, Theorems 1.4 to 1.7] and [42] Corollaries 1.1
and 1.2].

2.8. Lévy—Khintchine representation of bivariate weighted geometric mean. In [58|
Theorem 3.1] and its formally published version [56], Theorem 1.1], it was elementarily proved
that the weighted geometric mean G, px(¢) is a Bernstein function of ¢ > — min{a, b}.

In [51, Theorem 1], with the aid of [56, Lemma 2.1] and its preprint [68, Lemma 2.1], several
identities and recurrence relations involving the falling and rising factorials, the Cauchy and Lah
numbers, and the Stirling numbers of the first kind were found. For detailed information on the
falling and rising factorials, the Cauchy and Lah numbers, and the Stirling numbers of the first
kind, please refer to [I1}, 16} 24] 27, 28, 29] and the closely related references therein.

In [60, Theorem 1.1] and its preprint [58, Theorem 3.2], with the help of the Cauchy integral
formula, the principal branch of the weighted geometric mean G p.x(2) for b > a > 0 and
z € C\ [-b, —a] was proved to have the integral representation

Gapr(z) = a*b' > 4 2 + Sln(7””(17 —a) / FA-A(=a)s) e"¥(1—e **)ds.  (2.11)
T 0 S

Consequently, the geometric mean G2 (t) is a complete Bernstein function and a positive
operator monotone function of ¢ € (0, c0).

In [60, Remark 4.3] and its preprint [58, Corollary 3.1], it was derived that the difference
between the weighted arithmetic mean A(a, b; ) and the weighted geometric mean G(a,b; \) for
b > a > 0 can be expressed by

[Aa+ (1= \b] —ab' > = s o) /m FA=20=a)3) sy (2.12)
s 0 s

The integral representation (2.12]) gives an alternative proof of the famous inequality A(a, b; A) >
G(a,b; \) for a,b > 0 with a # b and A € (0,1).
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Letting n = 2 in [I5, Theorem 2.2] and [57, Theorems 3.1 and 4.6] reduces to
in(\ Pt—a)Mb—t) 1
sin 7T)z/ (t=a)?b=1) dt, (2.13)

G . _ Abl—A
apa(z) =a et T t t+ =z

where b > a > 0, A € (0,1), and z € C\ [-b, —a]. Consequently, the weighted geometric mean
Gapa(t—a) for A € (0,1) and b > a > 0 is a complete Bernstein function and a positive operator
monotone function on (0, 00) and m is a Stieltjes function.
2.9. Lévy—Khintchine representation of Toader—Qi mean. Due to the paper [52] and its
preprint [53], the mean

1 2m

‘ "/2 .
L acoszebS1n29d9 — E/ acos2 0b51n29d9’ b >a > 0
2 0 2 0

was named the Toader—-Qi mean and denoted by T'Q(a,b) in the papers [67, [68, [69]. Similar
to the deduction of the Lévy—Khintchine representation 7 by virtue of the integral repre-
sentations and (2.13), it was acquired in [35, Theorem 1.1] that the Toader-Qi mean
TQ(x + a,z + b) for x > —a has the integral representation

bh(a,b;t) 1
t t+x

dt

TQ(:U—l—a,m—l—b):TQ(a,b)—i—m[l—l—jr/

and the Lévy-Khintchine representation

b— ° H(a,b;
TQ(x+a,x+b):TQ(a,b)+x+ a/ (a7 78)67(15(1—67305)(318,
™ 0 S

where
2 [T/? > 2
h(a,b;t) = 7/ sin(mcos?0) (t — a) (b — )" d0, te a,b]
™ Jo
and
2 7\'/2
H(a,b;s) = 7/ sin(ﬂ' cos? 9)F(sin2 0,(b— a)s) do, se(0,00).
™ Jo
Consequently,

(1) the Toader—Qi mean TQ(z,z + b — a) is a complete Bernstein function and a positive
operator monotone function of z on (0, 00);
(2) the divided difference
TQ(:E’ T+ b - a) - TQ((L, b)

Tr—a

is a Stieltjes function of x on (0, co).

2.10. Integral representation for reciprocal of bivariate weighted geometric mean and
applications. In [38] and its preprint [39], with the help of the Cauchy integral formula, the
following conclusions were obtained.
(1) For a,b € R with b > a and z € C\ [-b, —a], the principal branch of the reciprocal
m can be represented as

1 _sin(Am) [° 1 1
(z+a)Mz+b)1=> w /a (t—a)A(b—t)l—At+zdt' (2.14)

Consequently, it follows that the reciprocal m is a Stieltjes function and, conse-
quently, a (logarithmically) completely monotonic function on (0, c0).
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(2) For b > a > 0 and n > 0, we have the integral formulas

/ab (t— awlb IR t”1+1 i = Sinzr)m) %a’\bll—/\ bi" i <Z> Vel = An—e <Z>e

£=0
and
b n k k 14
1 1 s 1 1 b kE—1\1 a
dt= ————F——— - A —1-=
/a (t—a)rb—t)1-> el sin(Am) arbl =X pn %(a) ;< Je <€ — 1> £ < b) ’
where the quantities
n—1 n—1
_ II(ﬁ‘Fk), n > 1 o rl(ngk% n;z]
(T)n = k=0 and  (z)n = { k=0
17 n = O 1, n = O

are called the rising and falling factorial respectively.

(3) Let a,b € R with b > a and z € C\ [-b, —a]. Then the integral formulas and represen-
tations

/b 1 0
dt = ——,
o E—a)Mb—1t)1—> sin(Ar)

A . brr N\ A
(b—i—z) :1+51n()\7r)/<b t) 1 ar,
a+z U o \t—a/) t+z
a+z Alsin()m)/b t—a\* 1 dt
b+z) 7 s \b—t) t+z 7

z B sin(Ar) [° t 1
(a+ 2 b+2)=> " x /a(tfa)k(bft)lﬂwrzdt

are valid. Consequently, the functions

and

(1+ba>>‘ 1 1 t—a
t ’ (1+b—Ta)A’ tAb—a+t)1—>

are Stieltjes functions and the integral formulas

b A A
/ At B PR )
o \t—a/) t sin(Am) |\ a
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hold for b > a >0, k € N, and X € (0,1).

The last equation above gives an integral representation for the difference between
the weighted arithmetic and geometric means of two positive numbers and gives an
alternative proof of the well-known inequality A(a,b;\) > G(a,b;\) for a,b > 0 with
a#band A € (0,1). As did in [25, Theorem 1.1}, this integral representation and
can be applied to estimate the difference between the weighted arithmetic and geometric
means of two positive numbers.

(4) When b > a > 0 and A € (0,1), the integral representations (2.13) and (2.14) are
equivalent to each other, that is, any one of the integral representations ([2.13|) and (2.14))
can be directly derived from another one.

(5) For n > 0, we have

/” 1 Lo 1 " (25-1)!![2@-4)-1]!!(1;)‘5
o JE—a)b—t) tH! Vab b" &= @01 2O \a)’

=0

1

/ab (t—al)(b—t) et
n n 0 ¢
_ MZ (_1)5224(2222;)!1!)!%”2) (a;rb> (l/a—;l/b) |

=0

t

and

[Frmrmat e n(t) oo () (-5)-

where the double factorial of negative odd integers —(2n + 1) is defined by
n 20!
(2n)!’

n > 0.

(=2n — 1)l = (2(71—_1):)” =(-1)

See also [30, pp. 105-106].
(6) Forb>a>0and X € (—1,1),

‘Ab<bt>klhlbtdt: ﬂngm){<2)khiz7””“kﬂ[<2)k1]}"X¢0;<21m

t— tot— 2
a a 1<lnb>7 A=0
2 a

and
T (g)kln 2 7rcot()\ﬂ')[(§)/\ —1]

e sMns ; - - ’ '
s ={ sin(Am) b—a 2.16
/0 (1+s)(as +b) 1 b\> (219
—— (m2),
2(b—a) a
When 0 > b > a and A € (—1,1), the formulas (2.15) and (2.16)) are also valid.
(7) For n > 0, the central Delannoy numbers D(n) can be computed by

1 34+2v2 1 1
D)=+ [ Y
Tlsave (-3 +2va)(3+2v2 —1) !

"(20 - DN [2(n —£) — 1)
20! [2(n— O

= (3-2v2)" (3+2v2)%,

£=0
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77/ n
D(n Z e%%—l)”( ¢ )
W \n-+¢)’
= 26)

and

k
D(n) = (3-2v2)" Z (3+2v2)" Y (-1~ 1%%)?)”(12_11>44(3\f2—4)5,
k=0 £=0

where (Z) =0 forqg>p>0.

2.11. Lévy—Khintchine representation for multivariate geometric mean and appli-
cations. Theorem 1.1 in [59, Theorem 1.1] (see also its preprints [55, Theorem 3.1] and [62]
Theorem 3.1]) can be reformulated as that the principal branch of the geometric mean G, 4(2)
can be represented by the integral representation

n—1 I o1
Cralz) = An(@) + 2 — =3 sin 7/ (2.17)
=1 ae
and the Lévy—Khintchine representation
Gn,a(z) =Gpla) +z + / Qn(u)(1—e*")du, (2.18)
0

where

Consequently, the geometric mean 3/ H?:l (t + ay) is a Bernstein function and a positive operator
monotone function of ¢t € (—ay, 00).

In [59, Section 4] and its preprints [55, Section 4] and [62] Section 4], the integral repre-
sentation was utilized to alternatively prove the arithmetic-geometric mean inequality
Ay (a) > Gp(a) and the validity of its equality.

In [29], the integral representation was applied to establish three integral representa-
tions and then to discover many properties of the Stirling numbers of the first kind. For more
information on the Stirling numbers of the first kind, please refer to [27, 28] and the closely
related references therein.

2.12. Integral representation for reciprocal of multivariate geometric mean. In [37
Theorem 2.1], it was obtained that the principal branch of the reciprocal ( ) for z € C\

[~a,, —a1] can be represented by
ag+1 1 1

1 _
— E dt
Gna Z ™ =1 ( ) ayg n\/ HZ:I ‘t— a,k| t+2

As a result, the function m is a Stieltjes function and, consequently, a (logarithmically)

(2.19)

completely monotonic function on (0, c0).
When n = 2, the integral representation (2.19)) becomes ([2.9).


http://dx.doi.org/10.20944/preprints201705.0039.v1
http://dx.doi.org/10.1016/j.cam.2017.08.005

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 May 2017 d0i:10.20944/preprints201705.0039.v1

12 F. QI AND D. LIM

2.13. Lévy—Khintchine representation for multivariate weighted geometric mean and
applications. In [I5, Theorem 2.2] and [57, Theorems 3.1 and 4.6], it was proved and reformu-
lated that the principal branch of the weighted geometric mean G, q x(2) for z € C\ [—an, —a1]
has the Lévy—Khintchine representation

Gr.ax(z) = Gpla, ) + 2 +/ Mp.ax(u)(1 —e **)du, (2.20)
0

where the density

1n 1 l apt1 M
My a2 (U 7TZ&n(ﬂ'z:/\j)/ H‘ak*ﬂ)‘ke ut 4.
=1 i=1 a

Consequently, the weighted geometric mean G, o A (t — a1) is a complete Bernstein function and
a positive operator monotone function on (0, c0) and Gn,a,xl(t—al) is a Stieltjes function.

In 40, Remark 4.1] and its preprint [41, Remark 4.1], it was proved that letting n = 2 in
leads to (2.13]). Differentiating with respect to z on both sides of and letting z — 0 arrive
at

Ala,b; \) sin(Ar) /b (t—a)>(b—t)' >
=1 dt 2.21
G(a,b; \) * T a t2 (2:21)
which, when )\ = %, becomes [30, Remark 4.3, Eq. (4.2)]. The equation (2.21)) has been applied
in [25] Theorem 1.2] to bound the difference and ratio between the weighted arithmetic and
geometric means.
From the expression (2.21]), one can derive readily the famous and fundamental inequality

A(a,b; A) > G(a,b;A), A€ (0,1), a,b>0 (2.22)

and the equality in the above inequality is valid if and only if a = b for A € (0,1). This can be
regarded as an alternative proof of the inequality whose proofs are presumably over one
hundred, as said in [9, Section 2.4], in the literature.

In [40, Remark 4.2] and its preprint [41l, Remark 4.2], it was derived that

/b (t_a)A(b_t)l—)\dt_ T g A(_ k 1 k+1 k+1 1_)\> é V4
“ th+2 ~ sin(\r) \ b b (k+1 )! 4 e )

where k € N, b>a >0, and X € (0,1). When)\:%,

_a k+1 14
/ Vi ) s — bk+12 (20-3) (k (+1) )]3] (b) (2.23)

tk+2 eon 2k —+ D) \a

where k € N, b > a > 0, and the double factorial of negative odd integers —(2n + 1) is defined by

(=) n 2"n!
m =(-1)"——, n>0.

(2n)!’
In [30, Remark 4.3], it was also established that

/ \/Tdt_ ( kz 26—1)” <£+1> (a+b>”+1 (2.2

th+2 R+ DM \E—¢) \ Vab

(=2n -1l =

forb>a>0and k € N.

In [47, Theorem 1.1], by virtue of the Lévy—Khintchine representations , , ,
and , the large Schréder number S,,, who describes the number of paths from the southwest
corner (0, 0) of an nxn grid to the northeast corner (n,n), using only single steps north, northeast,
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or east, that do not rise above the southwest-northeast diagonal, and its generating functions
were represented by several integral representations, one of them is

Ve \J(u-3+2v2)(3+2v2 — )
2 /32\[ unt?
Therefore, when letting @ = 3 — 2v/2 and b = 3 + 2v/2 in (2.23) and (2.24) respectively, we

obtain two explicit formulas

1 2(n+1) (20— [2(n—£L+1) -3
Sn=—3 (V2 -1) ; @O R—i+ ! (v2+1)"

S, = du, n>0.

and

= 2€ — I [0+ 1Y\ o
Sn = - 6
12 6" Z 2004+ DN (n - é)
for the large Schréder numbers S,,. For more information on recent results about the large

Schroder numbers S,,, please refer to the recently published papers [17, B34] [47, 48], 49] and the
closely related references therein.

2.14. Integral representation for reciprocal of multivariate weighted geometric mean
and applications. In [40, Theorem 2.1] and its preprint [41, Theorem 2.1], by virtue of the
Cauchy integral formula, it was established that the principal branch of the reciprocal W

for z € C\ [—an, —a1] can be represented by

Get1 1 1 d
sin| w w 7 t.
Z Z k Hk:l It _ ak|w;c t + z

Gna)\

ag

Consequently, the reciprocal is a Stieltjes function and a (logarithmically) completely

Gn,a,)\(t_al)
monotonic function on (0, 0o).

2.15. Integral representations for bivariate Heronian mean of power type. For a,b > 0
with a # b, taking r = 1 and s = 3 gives

2 b b2
E(1,3:a,b) = \/%.

This is also a special case p = 2 of the mean

aP + (ab)P/2 + o2 P
hp(aab):|: ( ?)) :| ’ p7é0

which is called [19] p. 58] the Heronian mean of power type. It is not difficult to see that

E(1,3;a,b) = ha(a,b) = \/(2;\;%1) _g )(2;}5 b,)

where ¢ = v/—1 is the imaginary unit.
It is clear that one can not use conclusions in Sections 23] to [2:14] to establish integral repre-
sentations for

bob— b b—
E(1,3;a—|—z,b+z):hg(a+z,b+z):\/<z—|—a;L —2\/§li>(z+a; +2\/§z> (2.25)
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and
2a+b b 2a+b b
z+ —=i)|lz+ ———+ =1 2.26
\/< 2V3 2)( 2V3 2) (220

or to discuss whether they are Bernstein functions or not. Therefore, we naturally pose a problem:
can one find an integral representation for the principal branch of the bivariate complex geometric

Gap(z) =V(z+a)(z+0)?

where a, € C with «, 8 # 0 and « # 3, the notation [—3, —«a] denotes the closed line segment
between —f and —q, and z € C\ [-4, —q].

3. INTEGRAL REPRESENTATIONS FOR BIVARIATE COMPLEX GEOMETRIC MEAN AND ITS
RECIPROCAL

Now we start out to establish integral representations for the principal branches of the bivariate
complex geometric mean G, g(z) and its reciprocal m step by step.

Theorem 3.1. Let o, € C, a # 3, and 0 = arg(f — a) € (—m,n]. If %(ae*m) > 0, then the
principal branch of the bivariate complex geometric mean Gy 5(z) for z € C\ [—8,—a] can be
represented by

Gap(z) = \/%(ae*‘%)%(ﬁe*(%) e+ 2+ (e ) ie?”

2 S(ac)ien /we—% VIt = R(ae=#)][R(Be=0%) 1] .
R(ce—01) t t+ ze 0 + i (ae0%)
(3.1)

dt

™

and

Gop(z) = \/%(ae*‘gi)é]?(ﬂe*(%) e+ 2+ (e )i

edi oo/ [R(Be : ) R T—
- _ —0i —0i —tu —[ze7 " +iS (e ")]u
- /O </§‘\c \/[t %(ae )] [%(ﬁe ) t]e dt) (1 e ) du.

(ae—0%)
(3.2)

Proof. Since 0 = arg(8 — «), it follows that
B—a=|8-ale’, (B-—a)"=|g-qa|, Be ' =ac+|8-al,
%(ae“%) = %(66_(%), %(ﬁe_gi) = %(ae‘gi) +15 —al.
Then, write the numbers ce % and fe=? as
ae”” =L+ Ni, Be™% =M+ Ni,

where L = R(ae™) > 0, M = R(Be™*) = L+[8 — o] > L, and N = S(ae™") = I(fe™").
Therefore, it follows that

Viz+a)(z+8) = \/(z +a)(z+ B)e=20i Vet = \/(ze_‘% + ae=0)(ze=0 + Be—0i) e
= \J(ze~% + L+ Ni)(ze 0 + M + Ni) " = \[[(ze=9 + Ni) + L][(ze~%" + Ni) + M] .
As a result, by (2.7) and (2.8), we can acquire

. 4 iy Ni M Jt—L)(M —t 1
Gopl(z) = e |VIM +2e % 4 Ni+ 25 Z/ (t= L) ) S—r
’ T I t t+ze % 4+ Ny
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and
Gop(z) =" (\/ LM + ze % 4+ Ni
1 oS M —6i Ny
+ —/ V VE—L)(M —1) et“dt} [1 C e W] du),

T Jo L

which can be rearranged as (3.1) and (3.2)), for
ze”% 4t Nie C\[-M,-L] < 2z € C\ [-8,—al.

The proof of Theorem [3.1]is complete. O

Corollary 3.1. Let o, 3 € C, a # 3, and arg(f — a) = £5. If £3(a) > 0, then the principal
branch of the bivariate complex geometric mean Go g(z) for z € C\ [-8, —a] can be represented

by
Gop(2) = +i/S()SI(B) + 2 + R(a)
24 R(@) [P VEFSQISE) F 1 1
T /ma) t e LG
and

Ga,p(2) = Ti/S()S(B) + 2 + R(a)
s /0 - ( / e VIEF S@]FSB) — et dt) (1 - eiﬂz%(a)l“) du. (3.4)

Q0 +3 (o)
Proof. Taking 0 = +7 in (3.1) and (3.2)) respectively leads to the integral representations (3.3)
and (3.4)). O

Theorem 3.2. Leta, f € C, a # 3, and = arg(f—a) € (—m, 7). If%(,@e_ei) >0 > %(ae‘ei),
then the principal branch of the bivariate complex geometric mean G, g(z) for z € C\ [-8, —q]
can be represented by

Z4+ o+ %(ae’ei)eei

™

Gop(z) = \/%(ae—%)%[@a —B)e~t] e + 2+ a+ R(ae ) +

—R[(2a—B)e ] \/[t + R(ae )] (-R[(20 = Be 0] — 1) 1
X /%(aeei) ¢ t+ (z + a)e*Hi + ?R(aeﬂ%) ((13t5)

and

Gop(z) = \/%(ae_gi)%[(Qa — B)e~ ] e’ + 2+ a+ R(ae ")e”

N e:/om [/—%[(Qa—ﬁ)e‘”] \/[t+ R(ae=0))] (~R[(2 — B)e=%] —t) et dt| (3.6)

—R(ae0)
% (1 . ef[(era)e_eiJr%(ae_ei)]u) du.

Proof. As did in the proof of Theorem we can write the numbers ce % and fe=? as
ae ™ =L+ Ni, Be % =M+ Ni,
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where L = %(ae“%) <0, M= %(,Be_ei) =L+ |f—a]>0,and N = S(ae‘ei) = %(Be_ei).
Therefore, it follows that

Cr o th) =z +a)z+ B2 Ve
= \/(ze_ei + ae=0)(ze=0 4 Be—0%) %

— \/(ze—*% + Ni+4 L)(ze=% + Ni+ M) %

= \/I(ze~% + Ni + 2L) — L[(ze=% + Ni+2L) + (M — 2L)] ",
where —L > 0 and M — 2L > 0. Accordingly, by (2.7) and (2.8)), we can obtain
Gap(2) = VL(2L — M) e’ + 2 4 (Ni 4 2L)e"

Lt (Ni+ 2L)e? /M—QL V(t+ L) (M —2L —t) 1 4
™ _L t t+ze % 4+ Ni+ 2L

and
Gap(2) = V/L(2L — M) e’ + 2 4 (Ni 4 2L)e"

eei o] M—2L B |
+ */ [/ \/(t +L)(M —2L —t)e ™ dt] [1 _ o (ze +Nz+2L)u:| du
Vs 0 L

for

2ze7 %" £ Ni+2L € C\[2L — M,L) <= 2 € C\ [-, —q].
These can be rearranged as integral representations (3.5) and (3.6). The proof of Theorem 3.2
is complete. (I

Corollary 3.2. Let a,B € C, a # 8, and arg(8 — a) = £7. If £3(a) < 0 < £3(B), then the
principal branch of the bivariate complex geometric mean G g(2) for z € C\ [, —a] can be
represented by

Gop(z) = 1ivS()S2a—B) + 2+ a+ ()i

a3 (D PRS- P 1
+3(a) t t+ [S(a) — (2 + a)i

™

and

Guop(z) = 1ivS()S2a—B) + 2+ a+ ()i

LT SRS E B e ] (1) a, @)

T FS(a)

Proof. Taking 0 = 7 in (3.5)) and (3.6]) respectively deduces the integral representations (3.7)
and (3.8)). O

Theorem 3.3. Let o, f € C, a # B, and 0 = arg(B — a) € (—m, 7. If R(Be %) <0, then the
principal branch of the bivariate complex geometric mean Gq g(z) for z € C\ [, —a] can be
represented by

z+ %(ae*m) ief

™

Gap(z) = \/%(ae*‘%)%(ﬂe*(%) e — 2 — S(ae ) ie —
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) /—maeew VIt R(Be )] [ R(ae=) — 1] )

R(Be—0%) t r_ [Ze_(% i %(ae—ai)i] dt (39)

and

Gop(z) = \/%(ae—“)%(ﬁe—gi) e — 2 = S(ae™)ie

e&i oo —R(ae™ ) - } —6i —0iy,
- —0i _ —0i) _ —tu _ [ze7 7"+ (ae™ )il
+ /o (/ \/[t—HR(ﬂe ) [— R(ae=?) —t]e dt) (1 e )du.

—R(Be=0%)
(3.10)

Proof. As did in proofs of Theorems and we can write the numbers ce =% and fe=? as
ae ™ =L+ Ni, Be % =M+ Ni,

where L = 3?(046’9") <M = %(ﬁeif’i) =L+|f—al <0and N = C\‘y(ae*‘%) = i‘s(ﬁe*‘%).
Therefore, it follows that

Cr o th) = /(= +a)z+ B2 Ve

= \/(ze—ei + ae=0)(ze=0 4 Be—0%) %

- \/(ze—*% + Ni+4 L)(ze=% + Ni+ M) %

= /I~ (ze7% + Ni) — L][(z¢=% + Ni) — M] ",
where —L > —M > 0. Accordingly, by (2.7) and (2.8]), we can obtain

; e 2+ Nie?t (7E L/t + M)(—L—t) 1
Gog(z) = VLM e — 2 — Nie® — = / , dt
75(2) € z e T Y t t— (26—91 + NZ)

and

61 [eS) —L ) )
Gap(z) =VvLM eeifszie(%+e—/ {/ V(t+M)(—L —1t) et“dt} [176(26_91“\”)“} du
T Jo -M

for
—(2e7 %"+ Ni) e C\ [L,M] <= z € C\ [, —q].

These can be rearranged as integral representations (3.9) and (3.10). The proof of Theorem
is complete. ([l

Corollary 3.3. Let o, 3 € C, a # 3, and arg(f — ) = £5. If £3(B) < 0, then the principal
branch of the bivariate complex geometric mean Go g(z) for z € C\ [-8, —a] can be represented

by
Gop(2) = £i/S(a)S(8) — 2 — R()
2t R (T V£ SB)FES() — 1] 1
. /m(ﬁ) I oy Yo FALCR)
and
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Proof. Taking 6 = £7 in (3.9)) and (3.10)) respectively derives the integral representations (3.11)
and (3.12). d

Theorem 3.4. Let o, € C, a # 3, and 0 = arg(f — «) € (—m, w]. Then the principal branch
of the reciprocal m of the bivariate complex geometric mean G g(z) for z € C\ [-8, —q]
has the following integral representations:

(1) if R(ee™) >0,

1 1 /W”” 1 1 1
N N = — — dt;
Gop(2) T J(ae-or) \/[t — R(ae?)] [R(Be0) —t] T ze 0 4+ iS(ae—t)

(2) if R(Be ) > 0> R(ae™?),

1 p—
Go.p(2)
1 /—W[@a—ﬂ)eei] 1 1 .
- — dt;
T J—R(ae=0%) \/[t +R(ae=%)] (~R[(2a — B)e=0] —1) T+ (z + a)e=0 + R(ae0%)

(3) if 0 > R(Be ),

SRS B ! ! ar
Ga”(g(z) T J_R(Be—0) \/[t + %(ﬁe—‘%)] [_ ;R(ae—ai) _ t] t— [ze—Qi + %(Oée—‘%)i]

Proof. This follows from combining the integral representation (2.9) and with proofs of Theo-
rems [3.1] to O

Corollary 3.4. Let o, 3 € C, a # 3, and arg(f — a) = £5. Then the principal branch of the
reciprocal m of the bivariate complex geometric mean Gqo g(2) for z € C\ [—f, —a] has the
following integral representations:

(1) if £3(«) > 0,

11 /ig(ﬁ) 1 1

Cos(@ 7 Jrsw ViFO@IBET] (FE+R@E
(2) if £3(a) < 0 < £3(8),
1 1 [FS2a=p) 1 1
Gap(2) 7 Ag(a) N RO SR I O R e
(3) if £3(8) <0,
Gap(®) 73 VEESBIES(@) —4 L+ 2+ RN
Proof. This follows from taking 6 = &7 in Theorem O

4. APPLICATIONS TO HERONIAN MEAN OF POWER 2 AND ITS RECIPROCAL

In this section, we would like to apply Corollaries [3.2] and to establish integral representa-
tions for Heronian mean E(1, 3;a,b) = ha(a,b) of power 2 and its reciprocal.
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Theorem 4.1. For b > a > 0, the Heronian mean \/M can be represented by

/a2+ab+b2_a—|—b+ l_b—ai
3 2 2 /3

a _ b= V3 (b=a)
1/a+b b—a. = )\/<t 2\/3)[ t] 1
+ — — = 1 ; A dt, (4.1)
i V3 ) S F(%‘fg”ﬁ
a? + ab + b2 2a+b V3 .
= ——1 b
3 2[
3b/2 — _t
+ 1(2a+b )/ : jb dt, (4.2)
i a -\
t*(m*bl)l

a2+ab+b2 a+b+<1 ba>,
\/ = P
V3

1 Pl o o

2
a? 4 ab + b2 2a+b V3
= ——1 bi
3 2\/
3b/2 .
+ l \/t = t> et”dt] |:16(2\;%b bz)u] du. (4.4)

Proof. Applying the integral representations (3.7) and (3.8)) to the mean in (2.25)) yields

<+a+b ba,)( Jra+b ba_) +a+b+<1 ba).
24+ ——— i z+ —— 2+ — - — i
2 2V/3 2 24/3 2 2 3

) a V3(b=a) _
cynr gy gy (1- )[40 ] 1
y—2 5 : — dt (4.5)
b—a a —a-)
™ 22 t—(z—&—%—ﬁz)z
and
<z+a+b bai>(z+a+b+bai> Z+a+b+<1 ba),
arTv_ arv — arv :_ i
2 2V/3 2 24/3 2 2 3
f(b a)
[ RO et [r e an
ba

Further taking z — 0 arrives at (4.1]) and (4.3]).
Similarly, applying the integral representations (3.7]) and (3.8 to the mean in (2.26)) yields


http://dx.doi.org/10.20944/preprints201705.0039.v1
http://dx.doi.org/10.1016/j.cam.2017.08.005

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 May 2017 d0i:10.20944/preprints201705.0039.v1

20 F. QI AND D. LIM

2a+b b, 2a+b b, 2a+b V3
== + + - 2+ +{—=——1]bi
\/<Z 23 2Z> (Z 23 2Z> 2\f ( )
2a+b —bi 3v/24/(t—2)(3b—1) 1
/ At (4.7)

t—(z+22“—j§f’—bz’)i

and

< +2a+b b)( +2a+b+b,> +2a+b+(\/§ 1>b
z —1 z VA _— =
2v3 2 2V/3
3b/2 . 2a .
+ [ \/ t=5 )30~ t) e M dt {1 — el(z+2\/+?f7_bz)u] du. (4.8)

Further taking z — 0 arrives at ( and . The proof of Theoremn 4.1|is complete. ([

Theorem 4.2. For b > a > 0, the reciprocal of Heronian mean \/w can be represented

by
1 1 e 1 1
Ve tab+5 V3 oy, Y
a a T Joi=a —a )\ [V3(b—a) t— (etbd _ b—as),
Iy = T Gl
and
1 1 3b/2 1
dt. (4.10)

VaZ+ab+b2 V37 Jyp (t— L) (2b—1) t—(Q‘”b—bz)

Proof. Applying the integral representation (3.13]) to the reciprocal of the mean in (2.25)) yields

et -5

f(b a)

1
T Jb=a _ _ atb _ b—a,),
N \/(t_;—/;’){\/g(g a) —t} t (z+ 7 \/gz)z

Further taking z — 0 arrives at (4.9).
Similarly, applying the integral representation (3.13)) to the reciprocal of the mean in (2.26))
yields

1 3b/2
_! / dt. (4.12)
™

b/2 ltff 3 7t t_(z+2a+b b)

Further taking z — 0 arrives at (4.10)). The proof of Theorem is complete. (I
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5. REMARKS
Finally we would like to list several remarks on related results.

Remark 5.1. For complex numbers z; with |z; — 1] < r < 1. In [I2], the complex arithmetic

mean A, (z) = %2?21 zj and the bivariate complex geometric mean G, (2z) = {/[[j—, 2; were
considered and they were proved to satisfy the inequalities

1—7? |An(2)]
m <|Gu(z)| < ﬁa

(1— T)(THl*An(Z)\)/?T(l _|_7,)(7‘*|1*An(2)\)/27” < |Gn(2z)] < \/1 + 21— A, (2)] + 12,
and
[An () (L= )7 < [Ga(2)] < JAu(2)] /(L 4 r)
Let ¢ € (0,%) and Wy = {z € C: |arg(z)| < ¢}. In [I, Theorem 2.2], it was obtained that,
for all 21, 22,..., 2, € Wy, the inequality

H|zk|1/n<g< M 2¢>> sz

is valid and the constant factor is best possible for every n and (b, where |z] denotes the floor
function whose value is the largest integer less than or equal to = and

o(p,a) = V2[a(2u = 1) + VAp(l — p) + a®(1 = 2p)%]"
(2/1)“\/2(1 —p) +a?(2p—1)+ a\/4u(1 — )+ a2(1—2p)?

For more information, please refer to the papers [Il, [12] and the closely related references therein.

Remark 5.2. As did in [38], differentiating with respect to z on both sides of integral represen—

tatlons in Theorems - to m Corollaries |3.1] to and integral representations (4.5)) to ,

, and (| can find more integral formulas or integral representations related to blvarlate
means.
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