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Abstract: Intensive studies aiming to extend the gamma and beta functions and to establish some properties for these
extensions have been recently carried out. In this paper, we first introduce a generalized gamma function in n variables.
Afterwards, two generalized beta functions in several variables are introduced and their properties are discussed. Among
others, we investigate recurrence relationships, Mellin transform properties, and partial differential equations involving
these generalized functions. At the end, some results about partial derivatives of these extended functions are presented

as well.
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1. Introduction

Throughout this paper, we set Cp, =: {z e C: Re(z) > O}. The Euler’s beta and gamma functions are,
respectively, defined by

1
Vl’,y € (C+* B(‘T7y) = / tzil(]‘ - t)yildta
0

—+o0
Ve e Cpy T(x)=: / t*~le~tdt.
0

Such functions have wide applications in various contexts of mathematical analysis as well as in physics like the

quantum mechanics. An interesting relationship expressing a connection between B and I' is given by

I'(@)l(y)

B(z,y) = m

(1.1)
On the other hand, it is well-known that I'(z + 1) = zI'(z) for any = € C,.. For further properties and

applications of the beta and gamma functions, we refer the interested reader to [2-6, 9, 11-14, 17, 18] for

instance.
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The previous functions B and I' have been extended in the literature, see [7, 8, 16]. Let a € Cy..
Chaudhry et al. [7] introduced the following extended beta function

1
B(z,y;a) =: / 7711 — )y e/t gy (1.2)
0
and the extended gamma function as well
(o)
Dy(z) =: / t"te~tem/tdt, (1.3)
0
Another extension of B(z,y) was introduced by Choi et al. in [8] as follows:
1
B(z,y;a,b) =: / 17 lem /b (1 — )y lem /(g (1.4)
0
where a,b € C,,. It is clear that

B(z,y;0) =: il_r,% B(z,y;a) = B(x,y), To(z)=:lim Iy(z) =T(x)

a—0

for any x,y € Co,.. Obviously, B(z,y;a,a) = B(zx,y;a). For the properties of B(z,y;a) and I'y(x), see [7, 16]
and for those of B(x,y;a,b), see [8].
Further extensions of the beta and gamma functions have been investigated in the literature. For instance,

Ozergin et al. [16] introduced the generalized beta and gamma functions defined, respectively, by

1
Bz()c’d)(l',y) ::/O tw71(1 )y 11F1 (C d m)dt (15)

o0
rg‘v@(x):;/ t’”‘llFl(c;d t—f)dt (1.6)
0

where ¢,d € C and p € C4,. Here the notation 1Fj(a;b;z) refers to the confluent hypergeometric function
(CHF) defined through [15]

1F1 CL b Z Z a (17)
m=1

bmm'7

provided that this series is well-defined and convergent. As usual, the notation (\),,, if A € C is nonnegative
integer, stands for the Pochhammer symbol defined by

MNm =2AA+1)...(A+m—1), with (A\)g=1.
Note that 1Fj(a;b;0) = 1. If, moreover, a,b —a € C,, then we have, [16]

F(b) ! ua—l —u b—a—lezu U
T@r0—a) /0 (1 ) du. (1.8)

Making the substitution ¢t = 1 — u in this latter integral formula it is easy to check that

1Fi(a;b; z) =

1F1(a;b;2) = €*1F1(b— a3 b; —2). (1.9)
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The importance of CHF arises from the fact that it contributes as a good tool for solving many mathematical
problems. It also appears as a solution of some partial differential equations playing an important role in various

mathematical areas. See [6, 15] for instance. See also Section 4 of the current manuscript.

Remark 1.1 The formula (1.8) brings us some interesting results when the assumptions a >0 and b—a > 0
are satisfied. For instance, we have the following assertions:

(i) The real-map z—— 1F1(a;b; 2) is strictly increasing and strictly convex on R.

(i) It follows that 1 Fy(a;b;2) > 1F1(a;0;0) =1 for any z > 0 and by (1.9), 0 < 1F(a;b;2) <1 forany z <0.

These properties are not simple to deduce from (1.7).

The extension of the beta function from two variables to n variables was introduced in the literature
[1, 2, 6]. For n > 3 integer, let E,_; be the standard (n — 1)-simplex of R"~! defined by

n—1
En,1 = {(tl, ...,tnfl) S Rnil : th S ].; ti Z 0, fori= 17...,TL - 1}
i=1

The beta function in n variables z1,...,x, € C4, is defined by

B(z1, ..., xn) ::/ Htfi—ldtl...dtn,l, (1.10)
FE

n—1 =1

where we set ¢, =: 1 — Z;le t;. Throughout the following, we set o(z) =: Y. | z; for the sake of simplicity.

The following formula

[, I
I (o(z))

holds for any zi,...,z, € Cy,. Other properties of the beta function in n variables can be found in the

B(z1,...,xn) = (1.11)

literature. Among these properties we mention the following [6]:
B(xl, ,xn) = B(xT(l), ...,xT(")), (1.12)
where 7 is any permutation of the set {1,2,...,n}, and
B(ml + 1,20, ..., a:n) + ..+ B(a:l, ey L1, Ty + 1) = B(ml, ,xn) (1.13)

Recently, the authors have extended the previous functions B(x,y;a) and B(z,y;a,b) for n variables.

For any x4, ...,x, € C, aq,...,a, € C;, and a € C,, they defined the two following extensions

B(z1, ..., xn;a) =: / Htf"'_le_“/”(t)dtl...dtn,l, (1.14)
En—14=1
B(:Ul7 ...7xn;a17...7an) =: / Htf"’_le_ai/tidtl...dtn,l, (1.15)
Enfl =1

where, as before, t, =1 — """ t;, and 7(t) =: [\, t;.
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This paper will be organized as follows: in Section 2, we introduce a generalized gamma function in n
variables in a simple setting. Section 3 is devoted to introduce the first generalized beta function that extends
(1.5) from two variables to n variables. Section 4 displays some partial differential equations satisfied by this
generalized beta function. In Section 5, another generalized beta function in n variables of the second kind
is also investigated. Section 6 deals with some partial derivatives of the second generalized beta function. All
the previous generalized gamma and beta functions, in definitions as well as in properties, involve the confluent

hypergeometric function which plays an important place in special functions theory.

2. Generalized gamma function in n variables

In this section we will discuss some extensions of (1.3) and (1.6) from one variable to n variables. Let x =:
(X1, .y Tp) € ((CJF*)". We define the gamma function in n variables z1,...,z, as follows: I'(z) =: [[;_, T'(z;).

The extended gamma function in n variables may be defined as well: for p = (p1,...,pn) € (C+*)n we set

/ Htxlfl le—Pi/tidt — HFPL (le)’ (21)
0,00)" ;. i=1

where dt =: dty...dt,, and T'p,(z;) is defined by (1.3). We also introduce the following definition.

Definition 2.1 Let = =: (21,...,2,) € (C+*)n, a =: (aq,...,an) € C". 8 = (B1,....,0,) € C" and p =

(p1y..esDn) € ((C+*)n. The generalized gamma function in n variables is defined by

K2

F(a’ﬁ) H F(a7’57 / H tml 1F1 (Odl, ﬁz, — i — ]t)l)dt, (22)
0 oo)” . 3

where dt =: dt;...dt,, and F(a’ ’)(xz) is defined following (1.6).

Clearly, if o = 8 then (2.2) coincides with (2.1). Otherwise, T'o(z) = I'(z) for any = = (z1,...,2,) €

((CH)", and we also set

Hr(alﬁz /O )nHt% 1F1<%5“ ,-) =1\ (). (2.3)

The previous definition means that the generalized gamma function in n variables is defined as the
product, in the habitual way, of the n components of the generalized gamma functions in one variable. Therefore,

)

the properties of Féa’ﬁ )( ) can be immediately deduced from those of T'p, fori=1,...,n. Asan example,

the following relationship

r{A(z) = A (- Hp (2.4)

holds for any = =: (x1,...,T,) € (C+*)n, a=:(ay,...,a,) € C", 8= (B1,...,0n) € C" and p = (p1,...,Pn) €
(C4s)"
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Remark 2.2 (i) The generalized gamma function previously defined will appear when studying the properties
of the generalized beta functions in n wvariables of the first kind and the second kind introduced in Sections 3

and b5, respectively.

(i) We left to the reader the routine task for formulating other relationships for Féa’ﬁ) (x), as done in (2.4).

3. Generalized beta function of the first kind

We preserve the same notations as in the previous sections. In the ongoing section we will introduce generalized

beta functions in n variables of the first kind as recited in the following.

Definition 3.1 Let © =: (x1,...,2,) € ((C+*)"; c¢,d,r € C and q € Cy.. The generalized beta function, of the
first kind, is defined by:

B (z; q) =:/E [T (C;d;_w?t) —rﬁ(t)) dt, (3.1)

n—1i=1 q
where we set dt =: dty...dt,—1 and 7(t) =: [[\q t;, with t, =1 — Z?:_ll t; .

It is clear that if n = 2 and r = 0 then (3.1) yields (1.5). Furthermore, if ¢ = d and r = 0 then (3.1)
coincides with (1.14). Remark that (3.1) presents a singularity at ¢ = 0 if r # 0. The first properties of

Be® (x;q), analogous to (1.12) and (1.13), are embodied in the following result.

Proposition 3.2 Let x,c,d,r, and q be as in the previous definition.
(i) The following relationship holds:

B (x;q) = BI* (2" q),

where we set x* =: (T;(1), ..., Tr(n)) for any permutation T of the set {1,2,....,n}.
(i) We have

Y BV (@ +ejiq) = B (39),

i=1
where (€1, ...,e,) refers to the canonical basis of R™.

Proof (i) Let y =: (x1,...,%j, ..., Tk, ..., Tp) and z =: (T1,..., Tk, ..., Tj,...,Tp). It is enough to show that

Bled (y;9) = BT(-C’d)(z; q) for any j,k such that 1 < j <k <n. We consider the following change of variables

tl = Uy, ...,tj = Uk, ...,tk = Uj, ...,tn = Un

First, it is obvious that 7 (t) =: ¢1...t, = uy...u,, =: w(u). Furthermore, it is clear that (¢1,...,t,) € E,_1 if and
only if (uy,...,un) € E,_1. Moreover, it is easy to see that the absolute value of the Jacobian J of the previous

transformation (1, ...,tn) — (u1,...,uy) is given by |J| = 1. By (3.1), with the standard rules of Calculus, we
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get

= i=1 @=L,y —1 g q m(t)
[E I &' g tar, <c,d,—ﬂ_(t)—r> dt

n—14=1,i#35,k 1
n
- / [T w oy tay " ar, <C; &~ Tﬂ(U)) du= B{*(z;q)
En—1 1,44k m(u) 1

and hence the desired result.
(ii) By (3.1) we have

n n

> BN (@t ejiq) = /E > _f[ e (c; d; —% - r7r(t)> dt,

— n—1 =1 q

.

or, equivalently,

" Bled) -1 g 4 7t
> BN (z+ejiq) / Ht Zt 1F1(c,d, 0" dt.

j:1 n 14=1

Since Z?Zl t; =1 we then get the desired equality, so the proof is completed. O

For r =0, we set throughout the following

B d)(a? q) (c d) l‘ q / H tzl 1F1 ( (t)) (32>

71 145;=1
where the singularity at ¢ = 0 has been escaped. As first property of B (z;¢) we have the following result.
Theorem 3.3 Let x,c,d, and q be as above. Assume that ¢,d —c € C,,. Then there holds

Bled) (z;q) = F(C)ll:(((jl)_c)/o w1 — u)d_c_lB(x; qu)du, (3.3)

where B(x;qu) is defined by (1.14).

Proof By (3.2) and (1.8), we have
(e, d Ti—
(z;q) / Ht 1F1< (t))dt

En-1,-1
I'(d) / - ,_1/1 -1 d—c—1_,—:%%5
= 7 w1 =) e " du p dt,
TOTd—0) Ji, | {H :

where, as before, dt = dt;...dt,—1 and 7 (t) = t;...t,. By virtue of the uniform convergence of the involved

integrals we can interchange their orders for obtaining

B (z;q) = F(C)I;((Ccll)c)/o (1 — )ttt </ Ht“ffle w<t>dt> du,

nlil
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which, when combined with (1.14), immediately implies (3.3). O

We have the following result as well.

Theorem 3.4 Let c,d,q,r be as in Definition 5.1. Assume that ¢,d—c € C4.. Then the following relationship
holds:

o0

B(C d) (z;9) ccl T/q ~ 1L gletm.dtm) (x + me; q), (3.4)

m:O

where B4+ m) (1 me; q) is defined following (3.2) and e =: (1,1,...,1).

Proof By (1.8) we have

. ,_i_ @ _ F(d) /1 c—171 _ ,\d—c—1_—uq/7(t) ,—urn(t)/q
1F1(c,d, y r . )_7F(C)F(d—c) ; w1 —w) € e dt.

This, with the expansion series

e—urm(t)/a _ i H;ﬂ#um (m(t)",
m=0 ’

and the uniform convergence of this latter power series, implies that
q 7(t)

Again by (1.8) we can write

/1 chrmfl(]_ o u)dfcflefuq/fr(t)du _ F(C + m)F(d )
0

F( d
T(d4m) L \etmiatm

W(t))

On the other hand, it is not hard to check that I'(c + m) = (¢)I'(c). Substituting these in (3.5), we deduce
that

1F (c; d; -1 r@) = i (O (Zr/a)" (m(t)" 1 F, (c—i— m;d+m; —L).

0 q ) D ml ~(0)
Multiplying this equality by []_, tf‘_l and then integrating over E,,_; with respect to (¢1,...,t,—1), we get,

by virtue of the uniform convergence of the involved series sum,

B (z:q) (O)m T/q / tf”m_llFl(chm;der;f—q )
m:O (d)m En_1 };[1 7(t)
This, when combined with (3.2), yields the desired result, so the proof is completed. O

The preceding theorem has many interesting consequences. Particulary, we mention the following corol-

laries.

Corollary 3.5 Assume that ¢,7 >0, d > c¢ >0, and = € (0,00)". If, moreover, the sequence ((d)m/(c)m)m

s upper bounded then we have

Bl (z:q) < sup == (D)m
m>0 (C)m

B (z;q) 1F1(C d; )
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Proof By (3.3) we immediately deduce that B(>® (z;q) > 0 for any d > ¢ > 0 and z € (0, 00)™. Furthermore,

we can write

I'(d+m)
I'(c+m)I'(d

1
Bletmdtm) (4 e q) = ) / w1 — w)* T Bz + me; qu) du.
o J

This, with the fact that T'(d + m) = (d),I'(d), v™ <1 for any w € [0,1] and B(z 4+ me;q) < B(z;q) for any
m > 0, implies that

B(c+m,d+m)(

T +me;q) < (O T(OT(d —0) /0 w1 — ) B (7 qu) du,

which, with (3.3) again, yields

B(c+m,d+m)( + me; q) < sup (d) (c d)( C])- (36)

m>0 \C)m

Taking the absolute value of (3.4) side by side, with the standard triangular inequality, and using (3.6) with
the help of (1.7), we deduce the desired inequality. O

Corollary 3.6 Let c,d,q,r be as in Definition 3.1. Then, for any k= 0,1, ..., we have

kB(cd) . (O (= ) (c+k,d+k)
W T (x7Q)|T7 W qk B (x—l—ke Q) (37)

Proof Expansion (3.4) can be considered to be a Taylor series of Bﬁc’d)(z; q) in a neighborhood of r = 0.

The desired result immediately follows. O

We now state the following result.

Theorem 3.7 Let ¢,d,q,r be as in Definition 3.1. Assume that |r| < |q|?>. Then the following formula

B (wiq) _ N~ (m) (O (<9) k(1—o(z) —2nk),
Bl 2 (k)(d)m m! ( ) [T, (1 -z — 2k),, (3.8)

m,k=0

holds for any nonintegers x1,...,x, € Co. such that o(x) is noninteger.

In particular, if r =0, then one has

7 (3.9)
B(z) (D) ml L (1= 2)m
Proof By (3.1) and (1.7), and a simple algebraic operation, we have
= —)m 1 m(t)\2\"
BED (g q) / it ()m (=4) <1+r ) ) dt. 3.10
. H > e e () (3.10)

827



RAISSOULI and EL-SOUBHY /Turk J Math

Since m(t) =: t1...t, < 1 for any (t1,...,t,_1) € E,_1 then the condition |r| < |g|? leads to the expansion series
7()\2\" o= (m) /7 \F 2k
e (T = () (%) ™
() =2 ()G o

Substituting this in (3.10) and interchanging the order of the integral with the series sum (which is uniformly

convergent), we get

e = 3 (Wian (@) [ e o

m,k=0 n—14—1

According to (1.10) and (1.11), we have

[T, D(x; + 2k —m)
I'(o(z) + 2nk —nm)’

/ Htfi“k_m_ldt: B(gcl + 2k —m, ..., x, +2k—m) =
E

n—1 =1

provided that z ...,z, and o(z) are noninteger complex numbers. Otherwise, it is not hard to check that, for
any non-integer x € C, we have

T(z — m) = %r(z).

Applying this formula we obtain

n n —1)m 7,7'_1]_—1 Z;

i=1 i=1

(-1

I'(o(z) + 2nk — nm) = (1—o(x) — 2nk)

I'(o(x)).

Substituting these in (3.11) and then in (3.10), and using (1.11) again, we get (3.8) after a simple manipulation.

Taking r = 0 in (3.8) we deduce (3.9) after simple manipulations, so the proof is completed. O

Remark 3.8 We can write (3.9) in the following form:

BeD(aig) _ §~ On (o) 7 (t-o@+G-vm),
B(z) it (A

Indeed, it is not hard to check that ()nm = [Ti—; (¢ + (i — 1)m)_, which when substituted in (3.9), yields the

desired equality.

From Theorem 3.7 we may deduce many interesting consequences. In particular, we cite the following
corollaries.

Corollary 3.9 With the same hypotheses as previous, for any j = 0,1, ... we have

BN (w:0) o= D (m 4 1) (m (—)™=% (1= o(x) — 2nj)

(d)’m m! H?Zl(l —x— 2;5: B(i)

m
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Proof The expansion (3.8) when considered to be a Taylor series of B (z;q) at r =0 immediately yields

the desired result. The details are simple and therefore omitted here. O

Note that B(®%(z;q) has no singularity at ¢ = 0 and so (3.9) presents a Taylor expansion of B9 (z;q)

at ¢ = 0. Then we can immediately deduce the following corollary.

Corollary 3.10 With the same hypotheses as previous, for any j =0,1,... we have

g (@, o (1= 0@+ -15)

2B @0 lamo= B -1 (G T — (3.12)

Remark 3.11 Following (3.8), Bﬁc’d) (z;q) presents a singularity at ¢ = 0 provided that r # 0. Therefore, an
analog of (3.12) for Bed (z;q) when r # 0 does not hold.

The following result gives a relationship between Bﬁc’d) (z;q), ried (u) and the usual beta function in n

variables.

Theorem 3.12 Let x € ((C+*)n, c,d,7 € C and u € Cp,. Then we have
| B (i) da =18 (0)Ba + ue), (3.13)
0

where we set, as above e =: (1,1,...,1), and B(x +ue) = B(x1 + u,...,z, + u).
Proof Multiplying (3.1) by ¢“~! and then integrating with respect to ¢ € (0,00) we get
t
/ u=1Bled) (g2 ) dq—/ / thﬁl = 11F1(c d;——— — M)dt dgq.
0 En_1;-1 ( ) q

By virtue of the uniform convergence of the involved integrals we can interchange their orders for obtaining

/OOO " 'BD(2;q) dg = /E Ht’”‘ (/ ¢ (c; d; —% - 7”7Tf;))dQ> dt. (3.14)

n—14;=1

Now, for the right integral over ¢ € (0,00) we use the change of variables ¢ = 7(t)s and we get, after

simple algebraic operations,

/OOO ¢ Fy (c; d; —% - r@)dq = (7T(t))u/0OO Su_11F1(C; d;—s — f)d&

q S

which, with (1.6), implies that

/OOO q“ " F, (C; d; —% — T%)dq = (x(t)) T (u).
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Substituting this in (3.14) and taking into account that w(t) =: t1ts...t, we get, with the help of (1.10),

oo n
/ ¢ 1B (1;q) dg = T (u) / H tritulagr = I‘g,c’d)(u)B(ml Uy ooy Ty ).
0 E

n—14;=1

The proof is finished. O

Taking u =1 in (3.13), we immediately obtain the following formula
| B s = OB+ o)
0

In particular, if n = 2 and r = 0, we get the following corollary which gives a relationship expressing a

connection between (1.5) and (1.6).
Corollary 3.13 Assume that n = 2. Then the following relationship
/ BED (2, y)dp = TSP (1) Bz + 1,y + 1)
0

holds for any c¢,d € C and x,y € C,..

With the aim to state another interesting result, we need to recall the following lemma about the so-called

Mellin transform representation and its inverse, see [10] for instance.

Lemma 3.14 Let f:(0,00) — R. Assume that the following integral

o) = | " p@pes s

exists. Then we have

c+ioco
f@ =5 [ gloas

271 Jo—ioo

By using the previous lemma, the following result may be stated.

Theorem 3.15 Let x € ((CJr*)n7 c,d,r € C and q € Cy,. Then we have

1 ct+i00
Bl (x:q) = —/ ¢ “B(x + ue)TD (u)du. (3.15)

. r
211 —i0o

Proof Applying the previous lemma to (3.13), with appropriate manipulations, we immediately deduce the

desired result. The details are simple and therefore omitted here for the reader. O
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4. Partial differential equations involving Bﬁc’d) (z;q)

Since all involved sum series and integrals in this paper are uniformly convergent we can therefore differentiate

under the sum sign and under the integral sign. As an example, we can check that

d
£1F1(a;b; z) = %1F1(a+1;b+1;z), (4.1)

which is a well-known result in the literature, see [15] for instance.

We have the following results as well.

Proposition 4.1 Let Bf«c’d)(z;q) be the generalized beta function of the first kind. For any integer k =1, ...

we have

b ) @k CDF L errarn
WBT D(x5q) = @737« T (@ + ke; q) (4.2)

Proof By differentiating (3.1) with respect to r, and with the help of (4.1), we obtain

0 S #_1C q (1) 7(t)
(e,d) (. _ Ti 1% . . N R
—8TBT (x,q)—/E | Itz lel (c+1,d+1, Ty T ) ( )dt

1 q q

or, equivalently,

0 c
B@d (p. o) = — = gletld+l) q). 4.3
5B @) = B g i) (43)
Hence, the desired result for £k = 1. We then deduce (4.2) by a simple mathematical induction. O

Remark 4.2 (i) Assume that ¢,d —c,q >0, r > 0, and = € (0,00)". Then (4.2), with k =1 and k = 2,

implies that the real-map r — Bﬁc’d) (x;q) is strictly decreasing and strictly convex. This can be also deduced

from Remark 1.1, since r — —%t) — rﬁ is a strictly decreasing linear affine function.

(it) From (4.2), we immediately get again (3.7).
Proposition 4.3 The generalized beta function Bﬁc’d) (z;q) satisfies the following:

qu%B,(.C’d) (2;q) + ¢®eBEH ) (2 — e ¢) = reBETLD (2 4 65 ). (4.4)

In particular, if r =0 we get

d
daqu@ad) (3q) + BT (2 — e q) = 0. (4.5)

Proof By differentiating (3.1) with respect to ¢, again with the help of (4.1), we get

;B(Cd)mq / Htm”llFl <c+1 d+1; _T)_ Wét)) <—7T(1t)+r7rq(2t))dt

nlil
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or, equivalently,

0 ¢ e TC (.
a*qBi D(w;q) = —gBﬁ D (@ —esq) + %37( D (2 4 ¢;q),

whence the desired result, after simple algebraic operations. O

Remark 4.4 (i) By a mathematical induction, we can generalize (4.5) as follows: for k> 1 one has

9" (c,d) g (©)k (c+k,d+k)
871’“3 "(wiq) = (=1) @B TR (@ — ke q).

(7i) From this latter equality we can deduce again (3.12).

We have the following result as well.

Proposition 4.5 The generalized beta function Bf«c’d) (z;q) satisfies:

82 C C C C C C C
7 87"an£ Dz q) + T((dizBﬁ +2,442) (1 4 2¢: ¢) = quﬁ LA (4 4 e g) + qzﬁBﬁ 2442 (1 0). (4.6)

Proof Differentiating (4.4) with respect to r we get

2

8 C a C C 8 C
Qo B (@) + Peg BT (@ - eig) = BTV @ tesg) freg BT (e i) (1)

In another part, (4.3) gives

ctl plet2di2)

0
2 Bletld+l) (0 oo g) = — .
5y B @ =) = — TS B ),
0 c+1 .
S BT (@ + i) = Tgd+1) B3 (1 4 23 ).

Substituting these in (4.8), we get

2
a0 B (wq) — ¢ pleraarn g gy — oplerat) o 4 ) - U plernarn g 4 g ),

orog " d+1 gd+1) "
Hence, (4.6) after simple algebraic operations. The proof is finished. O
In order to give more results we need the next lemma.
Lemma 4.6 Let u=:1F} (c; d; —g) , with s # 0 is fized. Then we have:
S
(i) u is a solution of
d*u du

(it) w:=1F (c; d; —i) is a solution of

m(t)

d?w dw
t)— t — =0.
qr( )dq2 + (dr(t) + q) i +cw=0
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Proof (i) If we set v =:1Fy(c;d; 2), it is well-known that [15] v is a solution of the differential equation

d*v dv
z@—t—(d—z)%—cv:&
Now, setting z = —q/s and using the classical chain rule we get the desired result after simple algebraic
operations.
(ii) Setting s = 7(¢), the desired result follows from (4.8). O

Now, we can state the following result.

Theorem 4.7 The generalized beta function B(C’d)(ac;q) satisfies

d? d d
B (z + 3e;q) — d— B (x + 2¢; ¢) — g—

Bled) ; B (z;9) = 0. 4.9
dq2 dq dq (x+e7Q)+C (I?q) ( )

Proof Let usset w =: 1F} (c; d; — q ), with 7(t) =: #1...t,,. Differentiating (3.2), once and twice, with

=0

respect to ¢ we get

d
BeD (z:q) = 7/ 2 —dt 4.10
a7 (@ q) : | [ (4.10)

n—14;—1

d ('d) z;—3 2w
i (59) / Ht (4.11)

7717’1

According to (4.11), we can write

d2 d 1 w
ia — B (z 4 3e; q) / Ht““* ——dt. (4.12)
En-1=1
Now, according to (4.10), we can write
4 pleay (z +2¢;9) = */ Ht“_l fdt, (4.13)
dq En-1 =1
and
d
$yerperag - [ [T s
q n 14=1

We can also write

B (3 g) = / th—l (4.15)

"111

Now, multiplying (4.12), (4.13), (4.14), and (4.15) by ¢, —d, —q, and c, respectively, and summing we get

M= / Ht$71{qw(t)(§2 (dﬂ()—f—q)z—i-cw}dt

nlil

833



RAISSOULI and EL-SOUBHY /Turk J Math

where M denotes the left hand-side of (4.9). Thanks to Lemma 4.6 (ii), the desired result (4.9) follows, so the

proof is completed. O

We also need the following lemma.

Lemma 4.8 Let u=:1F} (c; d; _9_ rf) . Then we have:
$ q

2
q(¢* +rs )grqu (¢* +dgs +7s )%+cs3u:0.

Proof As already pointed before, v =: 1 F} (c; d; z) is a solution of the differential equation

d*v dv
z2—+(d—2)— —cv=0.
dz? + )dz
Now, setting z = —q/s — rs/q and differentiating with respect to r by using the classical chain rule we deduce
the desired result after simple algebraic operations. The details are simple and therefore omitted here. O

Now, we are in the position to state the following result.

Theorem 4.9 The generalized beta function of the first kind satisfies

2 2
5.0 Bed(; — 9¢;q) + q?’ra—2

0
— Bled)(q.
87,.2 or T (1’, Q)

B(c,d) . .3
2O (w5 q) —q .

q
29 (e ) (,d)
—dq 8—BT Na +e;q) — rqa—BT Dz +2e;q) + eBY (x4 3e;q) = 0. (4.16)
r r

Proof For the sake of simplicity, we set

t
((’d) .’If q / Htm1719 dt Wlth 0— 1F1( d —(qt)_rﬂ-;))
™
71, 1i 1

Differentiating BT(-C’d) (x;q) with respect to r, once and twice, we get

0
=B (z;q) = —7/ t““—dt (4.17)
or 2., Zl_[l
0" pleay ot
52577 (@a) Ht —dt (4.18)
n 14=1
From (4.18), we can write
2
;23<° D (2 — 2¢;q) / th”l@ (4.19)
n 14=1
and
62 1 n 2629
B (;9) = —/ vt ——dt. 4.2
or2— " (‘T7Q> q2 B, };[ltz (ﬂ-(t)) or2 dt ( 0)
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In another part, by (4.17) we can write

§B<cd> (z59) = —= L H1 xf—l )afdt, (4.21)
§B< D (z + e;q) ﬂ/ H “—1 ) %dt (4.22)
En-1 =1
and
(53(0 D(z 4 2¢;q) —/n lHlt“l ) gdt. (4.23)
We can also write
B (x4 3e; ) / ]_[t’”’_1 ) 0 dt. (4.24)
En—1 =1

Now, multiplying (4.19), (4.20), (4.21), (4.22), (4.23), and (4.24), respectively, by ¢°, ¢*r, —¢®, —¢*d, —qr, and

¢, and summing, we get
. 020 00 3
L= /nlil_[lt ( q(q +7“s)ar + 5(q® 4 dgs + rs? )a—i—cs G)dt,

where s =: w(t) and £ denotes the left side of (4.16). According to Lemma 4.8, we then obtain (4.16), so the

proof is completed. O

Finally, we will state a result about the partial derivatives of Bﬁc’d) (z;q) as a function in the multivariate

x =:(x1,...,Tn). As previous, we set

N e e

We have the following result.

Proposition 4.10 Let ¢,d,q,r € C and x € (0,00)". For any j, k =1,...,n, we have the following equalities

;kB(Cd)xq / Ht% (log t;)" 6(t) dt.

"I'Ll

o -
- - (C7d) . — @i—l .
0r0m. B (x;q) /E H (tl log tl) 0(t) dt.

n-1 =1

Proof It is straightforward and the details are therefore omitted here. O

835



RAISSOULI and EL-SOUBHY /Turk J Math

5. Generalized beta function of the second kind
This section deals with another generalized beta function in n variables. In what follows, we need to lighten
the writing by putting

= (1, ey Tp)y @ =: (A1, ey @), @ =: (1, ey ), B=: (B1y ey Bn), 0 =2 (D1, o, Pr)-

Another central definition is given in what follows.

Definition 5.1 Let z € (Cy.)™, a,8 € C” and a,p € (C+*)". The generalized beta function, of the second
kind, is defined by:
n L a; ti
B{* 7 (x;a) :/ [t F <ai§6i;_t —Pia) dt, (5.1)
E

n—14;=1 7 (2
where we set dt =: dt,...dt,_; and t, =11 — Z;:ll t;.

The basic properties of Bz()a’ﬂ )(a:; a), analogous to those of Proposition 3.2, are embodied in the following

result.

Proposition 5.2 Let x,a, 3,a,p be as in the previous definition.

(i) We have the following relationship
B (e ) — BB (k. %
Bz() )(z;0) = By. (x*;a"),

where T is any permutation of the set {1,2,..,n} and p* =: (pr1),--»Pr(n)), with similar settings for
o, Bt ar.
(ii) The following relation holds:

n

Y B (@ + ejsa) = BIP (w3 a),

=1

where (e1,...,e,) refers to the canonical basis of R™.

Proof Similar to that of Proposition 3.2. The details are omitted here as an interesting exercise for the reader.
O

Following the uniform convergence of the series (1.7), we can interchange in (5.1) the sum series and
the integral. This shows that (5.1) is well-defined, i.e. the involved integral is convergent. Furthermore, such
integral is uniformly convergent in any compact set included in the interior of E,_;. This implies that we can

take limits and differentiation under the integral sign of (5.1). In particular, we have

,}i_% BZ(?O" A) (z30) = B@#) (z;a), (5.2)
where
(@ B) (e ) —. - wi—1 ( _._%)
B8 (z;a) =: E,Hil;[lt’ 1Py (e B — 4 )t (5.3)

It is easy to see that if n =2 and a = § then (5.3) yields (1.4). Otherwise, the following result justifies

that B,(f” A (z;a) is a generalization of the extended beta function B(z;a) in n variables defined by (1.15).
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Proposition 5.3 For any a € C" and x,a € ((C+*)n we have

B(z;a) —;13(1)3(0‘ 9 (z;a) =: B ) (z;a).

Proof By (1.7), with the help of (5.2) and (5.3), we have for any i =1,2,...,n,
(oo}
t;)
11 (O‘i;ai; _*> Z L/ =e i/t
' =0
This, with (1.15) and (5.1), yields the desired result. O

We have the following result as well.

Theorem 5.4 Let x,a,p,a, 3 be as above. Assume that |p;| < |a;|*> for any i = 1,...,n. Then the following

relation

(a B) (4 o m; ) —o(xz) — 20

m,k 0

where under the sigma summation we set m =: (my,...,my) and k =: (k1, ..., k) for the sake of simplicity. In

particular, if p =0 one has

B(a B)( x a) o0 ;)™ (1- a(r))o(m)
Z : (5.5)
0 mil [l (1= i)m,
holds true for any x € ((C+*)n such that x1,...,x, and o(x) are nonintegers.
Proof By (1.7) we can write, for any i = 1,...,n,
g, W ) o= (@), (D)™ pag\m £\ ™
1 (aivﬂ%_ti _piai> = Z Bi)m, il (E) (1 +pi;?) . (5.6)

my =0

Since 0 < t; <1 for any i = 1,...,n, the condition |p;| < |a;|*> allows us to write the expansion series

(ont) - ™

k;=0

Substituting these in (5.6) we get, for any i = 1,...,n

a; t; > (Oéi)mv (—l)m"’ mi\ w (ti 2ki—m;
r B —— —pi— | = : (*) .
o (a A t; P ai) , Z 0 Bi)m,  mi! \ K bi a;

x;—1
1= ltz

Multiplying this latter equality by []: and then substituting in (5.1), we get

= i)m; _1 1 m;—2k; 1T; iy —
B;a’ﬁ)(x;a):/ Z (Ot) ( ) (m )pz( ) i 2k1til+2k1 i 1dt,

En—1m k=0 (ﬁz)m, my! k
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where under the sigma summation we set m =: (mq,...,m,) and k =: (k1,...,k,). Due to similar arguments

as previous, we can interchange the orders of the integral and the sum series for obtaining

o0

B(u /3) _ 1)mi MG\ kig, ymi—2k; tzi+2ki—mi—ld
(o) = 3 m CU () [ t
1 1

m,k 0 n—1

= i (ai)mf (fl)j"i (mi)pfi(ai)miQkiB(xi+2ki —my).

By similar way as in the proof of Theorem 3.7, we have

(1 —o(x) — ZU(k))U(m)
H?:l(l —&i — ki)mi

B($z+2kz —mi) = B(JE),

and (5.4) is obtained. Taking p =0 in (5.4) we get (5.5). The proof is finished. O

The following result is also of interest.

Theorem 5.5 Let x,a,p,a,8 —a € (C+*)n. Then we have

oo
B (z;a) = Z p;n/('lz) Blatm,f+m) (z 4+ m;a), (5.7)
= ( G

where BTG+ m) (5 4 m:a) is defined through (5.3) and m =: (my, ...,my,).

Proof It is similar to the proof of Theorem 3.4 by the same way and using analogous arguments. We omit
the details to the reader. O

(avﬁ)(u)

The following result gives a relationship between B,(,a'ﬂ ) (z;a), 'y and the standard beta function

in n variables.

Theorem 5.6 Let x € (C+*)n and u = (U1, Uz, ..., Up) € (C+*)n. Then we have

n

/(0 ) H aé“leI(,o‘;B) (z;a)da = Féa;ﬁ)(u)B(x + u), (5.8)
)™ =1
where we set da =: day...day,, B(x +u) = B(x1 + u1,...,Tn + up) and F,(;a;’g) (u) is the generalized gamma

function defined by (2.2).

Proof If we multiply (5.1) by [[/_, ai~' and we integrate over (0,00)" with respect to a =: (a1, ag, ..., ay),

) . t;
B (asa)da = [ [ TLe s (o= -2 Yat
(0,00)™ | ; - t; a;

7’17,1

we obtain

n

/(O,w)” 11;[1
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with ¢, = 1— Z?;ll t;. Due to an argument of uniform convergence of the involved integrals, we can interchange

the order of the integrals, so

n

wi—l plesf) (4. = - zi—1 - ( . ( R T ,E) , .
/(o,oo)nil:[lal B, (:z:,a)da /E {iljlltZ £[1 /0 a;" " 1oy B » plai da; p dt. (5.9)

Making a simple change of variables, we can easily check that

n—1

RS a; t; (a8, .
/o a’ 11F1(ai;ﬁi;—7;—pii>daiZﬁlré?“ﬁl)(ui), 1<i<n.

This, with (5.9), yields
/ Ha“7_1B(O‘ ) (25 0)da = r<awﬂ@ / th el = w) [Tl (u;
0,00)™ i= 1 En-1i=1 i=1

hence, (5.8) is proven. O

Remark 5.7 Setting u =e =: (1,1...,1) in (5.8), we immediately obtain the following relationship.

n

/ H Bl(f”ﬁ) (z;a)da = B(z + e) H Fl(j?“ﬁ")(l)
(0,00)™ 521 i=1

6. Partial derivatives of BI()“’B)(

z;a)
As a function of the variable p = (p1, ..., pn), B,(;"B ) (z;a) satisfies the following result.

Proposition 6.1 We have:

(ﬁai)aplf"fapff;“"”( (H‘“)B“‘*e B4 (@ + e;a). (6.1)
i=1 "

Proof Let j=1,2,...,n. Differentiating (5.1) with respect to p;, we get

n

9 @, - Ti— 4 t;
87])]31(’ ﬂ)(fﬂ;a):\/E Hti 1 H 1F1<ai;ﬂi;f%fpi;)

n—1 =1 i=1,i#j v ¢
xo‘j( tj)F( F 1B 41— tj)dt (6.2)
(=LA +58+ -2 —p; ) dt. (6.
Bi\ a ! ’ ti  ay
Now, differentiating (5.1) n-times with respect to p,,pn—1, ..., p1 and utilizing (6.2), we get
o BB (z1a) = (n / Ht R <oz7 + L8+ 1 — ) dt.
aplapn P H,L 1 @ 61 Bn En_1;-1 ! az
Hence, (6.1). The proof is complete. O

The previous proposition can be generalized as follows.
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Proposition 6.2 Let m > 1 be an integer. Then we have

BEME) (1 4 me;a).

(H@ WB( P (a;0) m"f[

i=1

Proof It follows from (6.1) with a simple mathematical induction on m > 1. The details are straightforward
and therefore omitted here. O

Now, let us set

. a; t;
=[] :F: (@z’;ﬁi; - —pii)-
t; a;

i=1

The function x — B(a A (z;a), i.e. with the multivariate = =: (z1,...,2,) € (0,00)", satisfies the

following result.

Proposition 6.3 For any j,k =1,...,n, we have the following

ok o e k
o7 B< B (z;0) = /E [Tt " (log t;)" w(t) dt.

n-1 =1

" -
73(‘1”8) Ta / (tg-”"'_llo ti) w(t) dt.
a axn ( ) B,_, Z:H1 i g ( )
Proof It is immediate. The details are simple and therefore omitted here. O

As a function of the multivariate a =: (aq, ..., ay), B,(,a’ﬁ) (z;a) satisfies the following result.

Proposition 6.4 The following relation holds:

n

o" «; - t;
Y plap ? T;—2 _ b
ar 6%3 (x5a) = |7|1 (a?@') X/ ] | {ti (pit? — ai)1F, (az +1;8+1;— t —pi 1)} dt. (6.3)

n-1 ;=1 i ;i

Proof Let j=1,2,...,n. By differentiating (5.1) with respect to a; we obtain

0 - a; t;
( 7/3) zi—1 R B .
P, —— B, (;a) / | It I I 1F1 (0417ﬁ'u ) pza_)

Eno1j=1 i=1,i#j ! !
o &

1 tj a; t;
S ACE At 1(a]+ B4y pjaj) (6.4)

Differentiating (5.1) n-times with respect to a,, an—1,...,a; and using (6.4), we get (6.3) after simple algebraic

operations and manipulations. O

7. Conclusion
Special functions arise in various contexts and contribute as tools for solving many scientific problems. They

attract the attention of many researchers by their nice properties and interesting applications. It has been
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proven in a lot of studies that special function theory is useful in theoretical point of view as well as in practical
purposes. Since special functions have extensive applications in pure mathematics, as well as in some applied
areas such as acoustics, fluid dynamics, heat conduction, electrical current, solutions of wave equations, and
quantum mechanics, an enormous amount of effort has been devoted by many researchers to understanding some
extended special functions. In this paper, we investigated a contribution in such direction by introducing some
generalized gamma and beta functions with a systematic study of their properties such as recurrence relations,
Mellin transform properties and partial differential equations of them. Since the univariate versions of these
extended functions have already many applications in the literature, our definitions will have many potential
applications in probability theory and special functions theory, and as a result, they will have many potential
applications in physical and engineering problems. Furthermore, our extended functions presented here involve
the confluent hypergeometric function which constitutes a primordial interest in special functions theory. Thus,

a new horizon for scientific research is open and many questions are generated as subjects for future research.
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