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Abstract. A remarkably large number of integral formulas involving logarithm function
have been presented. Here, with the aid of a known technique, we aim to show how certain
integral formulas involving logarithm function can be nicely established by choosing to use
some known integral formulas which are expressed, mainly, in terms of gamma function and

its related functions.

1. INTRODUCTION AND PRELIMINARIES

Shen [17] clarified the connections between Stirling numbers of the first
kind s(n, k) and Riemann zeta function {(n), with certain series and integrals
evaluated in terms of {(n) and s(n, k), by mainly analyzing the well-known
Gauss summation formula

I'(c)T'(c—a—Db)
I'(c—a)T'(c—b)
where 9F) is the hypergeometric series (see, e.g., [20, Section 1.5]; see also
16, 18]).

Since then, by essentially using the Shen’s method (see Lemma 2.3), a large
number of series involving harmonic and generalized harmonic numbers and

some integral formulas have been established (see, e.g., [3, 4, 5, 6, 7, 8, 9]; see
also [10, 11, 12, 13, 21, 22)).

oFi(a, b, ;¢;1) = (R(c —a—b) >0), (1.1)
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In this sequel, with the aid of the Shen’s method, we aim to show how
certain integral formulas involving logarithm function can be nicely established
by choosing to use some known integral formulas which are expressed, mainly,
in terms of gamma function and its related functions.

For our purpose, we recall some functions and notations. The Hurwitz (or
generalized) zeta function ((s,a) is defined by (see, e.g., [20, Sections 2.2 and
2.3])

¢(s,a) ::kz_o (/@ia)s (R(s) >1, ac C\ Zy). (1.2)

Here and in the following, let C, N, and Z~ be the sets of complex numbers,
positive integers, and negative integers, respectively, and let Ny := NU{0} and
Zy = Z~ U{0}. A special case of ((s,a) when a = 1 is called the Riemann
zeta function ((s) defined by

— 1
((s):=)_ — (R(s) >1). (1.3)
n=1
The polygamma functions ¢ (z) (n € N) are defined by
(n) dn+1 dn 7
¢ (Z) = W]Og F(Z) = @1/}(2) (n S NO, zeC \ ZO ) y (14)
where I'(z) is the familiar gamma function and the psi-function 1) is defined
by ¥(z) := %logf(z) = O (2) (see, e.g., [19, 20, Chapter 1]). We recall
a well-known (useful) relationship between the polygamma functions (™ (z)
and the generalized zeta function ((z,a):

PP (2) = (~1)M Rk +1,2) (keN, 2€C\Zy). (1.5)

The generalized harmonic numbers H? of order s are defined by (cf. [15];
see also [1] and [19, p. 156])

H®) = Z is (neN; seC) (1.6)
=17
and
"1
H,=HY =" - (neN) (1.7)
=1 7

are the harmonic numbers. Here we assume Hy := 0, HO(S) =0 (s e C\{0}),

and Héo) := 1. We also recall the generalized harmonic functions H,(ls)(z)
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defined by

n

TRIEEDY (jjz)s (neN, seC, zeC\Z"). (18

J=1

which reduces to Hf{q) (0) = HT(LS). It is easy to derive the following expression
(cf. [19, Eq. 1.2(54)]):

n

$ e ) =) = () S o)
= ()l E (= 1) (m, € Ny,
which immediately gives HY (a) another expression:
Y(z+n)—Y(z) =Hy(z—1) (neNy) (1.10)

and
C(m+1,2)—¢(m+1,z+n)=H™Y(z-1) (meN, neNy). (1.11)
Obviously
H® =((s)—C(s,n+1)  (R(s)>1, neN). (1.12)

2. CERTAIN INTEGRAL FORMULAS DEDUCIBLE FROM
A BETA TYPE INTEGRAL

We begin by recalling a known integral formula (see, e.g., [14, p. 316, Entry
3.196-3])

/b(af:—a)“ (b—z)de=(b-a)"" " Bu+1,v+1) (2.1)

(b>a, R(p) > -1, R(v) > —1),
where B(a, ) is the beta function defined by (see, e.g., [20, Section 1.1])

/1 71— )Pt (R(a) > 0; R(B) > 0)
B(a, B) = 0 (2.2)

I'(a)T(8) -
m (a, B e C\Z, ) )

We first claim that the integral in (2.1) as a function of the parameter p or
v can be differentiated under the integral, asserted in the following lemma.
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Lemma 2.1. Let b > a and min{R(n) >, R(v)} > —1. Then

o [° ,
— | (z—a)(b—2z)dx= —(x—a)* (b—x)"dx
o Ja /a o (2.3)

b
= / (z —a)" (b—x)" In(x — a) dx.

b
£ ::/ (x—a) (b—a2)Vdr (b>a, R()> 1, R) > 1),

For any fixed po € C with R(uo) > —1 and Ap € C with 0 < | A p| and
R(po+ Ap) > —1, it suffices to show that

i ot ) = f (o)
Ap—0 A

Indeed, let

b

b
M= / (2 — @)™ (b — 2)*) dz = (b — )"V | Bug + 1w +1)] > 0.
Let € > 0 be given. Since

Q)1
lim {(xa)—ln(x—a)} =0 (a<z<b),
Ap—0 Al

there exists § such that R(uo+ Ap) > —1 and 0 < |Ap| < 6 implies

(x —a)®" -1 €
—an In(zx —a)| < Tk (2.5)
For such a chosen § with 0 < |Ap| < 6, in view of (2.5), we find
B b
‘f(,UO‘i‘ AM) f(/UJO) _/ (l’ _ a)“o (b— :L,)V ln(:p _ CL) dr
Ap a
b SN ViV
< / (g—a)™ -1 In(z — a)| (z — a)®#0) (b — )R gy
a Ap
b
€ _ ) Rwo) (p _ \R(W)
<
_M+1A(:Jc a) (b —z)™" dx
€
< M .
VS

Hence we complete to prove (2.4). O



Certain integral formulas involving logarithm function 759

Remark 2.2. Similarly as in the proof of Lemma 2.1, we can differentiate the
integral (2.1) as a function of v under the integral sign. So can higher-order
partial derivatives of the integral (2.1) with respect to the parameters u and
v.

Higher-order partial differential recursive formulas for B(u + 1,v + 1) are
given in the following lemma.

Lemma 2.3. Let b > a, min{R(u), R(v)} > —1, and k € Nyg. Then

;LI::B(MJJ,VJA) )
and
;;:lB(M +1,v+1)
) JZ; @ {z?;B(““’V“)} {0 D+1) = E D (urv+2) | =0
Proof. Taking the logarithmic derivative of
Blu+ 1w+ 1) = Lt DI 1) (2.8)

(p+v+2)

with respect to the variable u, we have

;MB(H Lv+1)=Bu+Lv+){Wp+1)—du+rv+2)} (29

Applying Leibniz’s higher-order differential formula for product of two func-
tions to the right side of (2.9), we obtain (2.6).

In view of (2.8), B(p+1,v+ 1) is symmetric with respect to both variables
p and v. By interchanging the role of 4 and v in (2.6), we get (2.7). O

We note that the technique in the proof of Lemma 2.3 was used by Shen
[17].
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Theorem 2.4. Let b > a, min{R(n), R(v)} > —1, and p, ¢ € Ng. Then the
following integral formula holds true.

/ab (z —a)* (b—z)” {In(z — a)}? {In(b — z}9 dx
(b= a)tvH! Zq:io ( ) ( ) (In(b— a)}r+a—h-t (210

=0 k
ot ( ok
x L L9 Blu+, 1} L geN).
a,/E{M (h+1v+D} (pqeNo)
Here the last partial derivative can be obtained from the recurrence formulas
i Lemma 2.3.

Proof. In view of Remark 2.2, taking partial derivatives of (2.1) of order p
with respect to the variable p under the integral sign and, then, taking partial
derivatives of the resulting identity of order ¢ with respect to the variable v,
we find (2.10). In each step, we used Leibniz’s higer-order derivative formula
of product of two functions. O

Some special cases of the integral formula in (2.10) are demonstrated in the
following corollary.

Corollary 2.5. Let b > a and min{R(u), R(v)} > —1. Then

b

/<x—@”w—w”m@—aﬁm (2.11)
=Bp+1Lv+D{y(p+1) —vp+rv+2)}
b

/<x—@”w—xyhﬂb—wdw (2.12)

=Bu+Lv+D){pw+1)—(p+rv+2)}
/ab (x —a)* (b— )" {In(x — a)}* dz
= Bu+ Ly +1) [{(p+1) = vt v +2)p (2.13)
+(p+1) —¢’(u+v+2)};
/ab (x —a)* (b—x)" {In(b — z)}* dz
= Blu+1v+ D[{0( +1) = g+ v +2))2 (2.14)

VW) =Y v +);
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b
/ (x —a)* (b—2x)" In(x — a) In(b— ) dzx
= Blu+ 1w+ ) [{(e+1) = 9+ v+ 2DHoW +1) = Yl + v +2)}
— ' (p+v+2).

(2.15)

Further, setting p, v € N in the identities in Corollary 2.5, in view of (1.5)
and (1.9), we have corresponding integral formulas as in the following corollary.

Corollary 2.6. Let b > a and p, v € N. Then

b !
[ =t t-ay me -0 = - B (219
b !
[ a—ar -y mp g =~ L a0y @17)
’ n v _optt (2) )
[ ey sy e )} e = L 12 G0+ o)
(2.18)
b V!
/ (@ — a) (b— )" {In(b — 2)}? do = (uf‘w'rl)v [H3+1(V) T Hﬁzl(u)} :
’ (2.19)
b
/ (z —a)’ (b—x)" In(x — a) In(b — x) dx
o o (2.20)
= m Hy1(p) Hyp1(v) = (2, p +v + 2)}-

3. INTEGRAL FORMULAS DEDUCIBLE FROM CERTAIN FORMULAS EXPRESSED
IN TERMS OF LOG GAMMA FUNCTION

We begin by recalling a known integral formula (see, e.g., [14, p. 547, Entry
4.267-31))
z®dz

1
/0 (1=a) (L=a?) (1=a) 5

—ln{ F'p+1+s)Tg+1+s)T(r+1+s)T(p+qg+r+1+s) }

AT(p+qg+1+s)T(p+r+1+5)T(g+r+1+s)I(1+5s)
(3.1)

(min{p, ¢, r} >0, s > —1).
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We present some integral formulas, which are deducible from (3.1), asserted
by the following theorem.

Theorem 3.1. Each of the following integral formulas holds.

x5 dx

1
/0 (1—a) (1=2%) (1-a") T—
=(p+1l+s)+v(@+1+s)+r+1+s)+pp+gt+r+1+s)
—Y(p+qg+l+s)=vp+r+1+s)—lg+r+1+s)—yp(1+s)

(3.2)

(min{p, ¢, r} >0, s > —1).

/01 (1—a?) (1—a9) (1—a") W

=P p+1+s)+9F(g+1+5)+vP(r+1+5) (3.3)
9 ptgrr+1+8)-yvFp+g+1+s)—pP(p+r+1+s)
— W (g+r+145) —yp® (1 +5)

(min{p, ¢, r} >0, s > —1; k € N).

1 k+L .s+p
/ (1 - 29) (1_:61”)(11137)—330[3;
0 1—x

=Pt q+ 148+ ptr 414 5)
—p* (148 —p* Dt grr+1+s)

(min{p, ¢, r} >0, s > —1; k, £ € N).

1 k+l+m ,.s+p+q
/ (1— ") (Inz) x de
0 1—x (3.5)
=T (p g+ 14 5) = pETE (p 4 g+ 14 5)

(min{p, ¢, r} >0, s> —1; k, £, m € N).

1 (ln x)k+€+m+n pStptatr
/ dx
0 1-2z (3.6)
_ _¢(k+ﬁ+m+n)(p+q+r+ 1+ S)

(min{p, q, ’I"} > 07 s> _1; ka f? m, n < N)
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Proof. In view of Remark 2.2, we can differentiate the integral (3.1) with
respect to the parameters p, ¢, r and s under the integral sign.
Differentiating both sides of (3.1) with respect to s, we obtain (3.2).
Differentiating both sides of (3.2), k times, with respect to s, we get (3.3).
Differentiating both sides of (3.3), ¢ times, with respect to p, we obtain
(3.4).
Differentiating both sides of (3.4), m times, with respect to ¢, we get (3.5).
Differentiating both sides of (3.5), n times, with respect to r, we obtain
(3.6). O

Applying (1.5), (1.9) and (1.10) in the results of Theorem 3.1, we get a set
of integral formulas asserted in the following corollary.

Corollary 3.2. Fach of the following integral formulas holds.
1
z®dz
1—2P) (1—2%) (1 —2a"
| = a-an o) £ o
=H,(s)+H(p+q+s)—He(p+s)— He(qg+s)
(min{p, ¢} >0, s> —1,r € N).

1 nz)kz® de
/0 (1—2P) (1—29) (1_567”)(1)70z

1—x
:(—n%%ﬂﬁﬂxp+q+@+4ﬁmﬂg) (3.8)

— BV (p+5) = BV (g +5) )
(min{p, ¢} >0, s> —1; k, r € N).

(Inz)F 2* dx

1
|- - B2
0 z (3.9)
= (R HEE () - HE D (g + )}
(g>0,s>—-1;k,reN).

1 k .8
/(mewfzxm_pnwwwﬂw) (3.10)
; .
(s>—-1; k,reN).
1 1 k .s+r
/ (mf)idx:(—l)kklg(k:+1,s+r+l) (3.11)
; -

(s>—-1; k,reN).
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CONCLUDING REMARKS

One can see a number of integral formulas which are expressed in terms
of gamma function and its related functions (see, e.g., [2, 14]). Applying the
same technique used in this paper to those formulas, we can derive a large
number of integral formulas. For example, recall a known integral formula

(see, e.g., [14, Entry 3.554-4, p. 388])

/00 e 2P <1 — cothx) dex =¢(B) —Inp +
0

X

1
— . 12
5 ®O>0.  G1)
Differentiating both sides of (3.12) with respect to 3, k times, and using (1.5),

we get
o0 1
/ ak 2P < — coth a:) dz
0 T

(k—1)( 1

. (3.13)
= S G g kG L0} (09> 0)
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