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Abstract

Explicit evaluations of matrix-variate gamma and beta integrals in the complex
domain by using conventional procedures is extremely difficult. Such an evaluation
will reveal the structure of these matrix-variate integrals. In this article, explicit
evaluations of matrix-variate gamma and beta integrals in the complex domain
for the order of the matrix p = 1,2 are given. Then fractional integral operators
of the Kober type are given for some specific cases of the arbitrary function. A
formal definition of fractional integrals in the complex matrix-variate case was
given by the author earlier as the M-convolution of products and ratios, where
Kober operators become a special class of fractional integral operators.
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1. Introduction

There is intensified activity in the area of fractional calculus in recent years due
to its many applications in engineering, physical, biological and social sciences.
Solutions coming out of fractional differential equations are seen to describe real-
life and experimental situations much better compared to the solutions of conven-
tional differential equations. The reason seems to be that fractional derivatives
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are certain types of integrals and thereby describe global activity whereas con-
ventional derivatives describe local activity. Fractional calculus in the scalar and
matrix-variate case in the complex domain was not available in the literature but
recently given in [8],[9]. Fractional calculus for the real scalar variable case is
available in many books and articles, see for example [1],[2],[4],[11],[14]. Solutions
of fractional differential equations in the real scalar case is available in many books
and journals, see for example, [3]. Fractional integral operators in the scalar and
real matrix-variate cases may be seen from [7],[12]. A pathway extension may be
seen from [6],[10].

This author has given a formal definition of fractional integrals in the real and
complex matrix-variate case recently as M-convolutions of products and ratios,
see [8], [91] Let 1X1 and X, be pxp herlmitian positive definite matrices and let
(jl = X’f)ﬁX'f and Ug = X2§X1_1X2§. Then Ul is called the product and Ug
is called the ratio. M-convolutions correspond to Mellin convolutions of products
and ratios in the scalar variable cases. Product will lead to type-2 or right-
sided fractional integrals and the ratio will lead to type-1 or left-sided fractional
integrals. Fractional integrals of the Kober type or Kober operators are denoted
by K; g f and Kl_g f respectively, where « indicates the order of the integrals.
As per the new definition introduced, these Kober operators have the following
representations:

. ~ S
kg = UOP /M det(V)| P2 ldet(V — D)= f(V)d7.  (L1)
oy |det(@) " B ldet ([T — T F(Od

Kiph = / WVl (@ = VPR (1)

In this paper we will examine (1.1) and (1.2) for many cases of the arbitrary
function f after evaluating matrix-variate gamma and beta integrals explicitly for
the cases p = 1,2 in the complex domain. Explicit evaluations of matrix-variate
integrals are difficult and the evaluations given in this article reveal the structure
of these matrix-variate integrals in the real and complex cases.

We will use the following standard notations. All matrices appearing are
p X p with elements in the complex domain unless otherwise stated. Determinant
of (+) will be denoted by det(:) and |det(-)| will denote the absolute value of the
determinant of (-). Matrices in the complex domain will be written with a tilde, X
Constant matrices will not be written with a tilde whether in the real or complex
domain. tr(X) is the trace of X, (dX) = (d;;) is the matrix of differentials d;;’s.



LeNt X = X + 11Xy where X; and X, are real m x n matrices and ¢ = v/—1. Then
dX = dX; AdX, where

Xm = ﬁ f[ /\d.ﬁ(fijl and dX2 = ﬁ f[ /\dxij2

i=1 j=1 i=1 j=1

where ;1 and ;o are the (i,j) — th elements in X; and X, respectively, and A
denotes the wedge product. For any p X p matrix B = By + iB, in the complex
domain, the determinant will be a complex number of the form det(B) = b + ic
where b and ¢ are real scalar quantities. Then the absolute value of the determi-
nant will be of the form |det(B)| = [(b + ic)(b — ic)]z = [b* + ¢2]2. Note that the
conjugate of By 4+ 1By is By — 1Bs.

We need a few basic results on Jacobians of matrix transformations in the
complex domain. These results, other results and properties may be seen from
[5]. The results that we need will be listed here as lemmas.

Lemma 1.1. Let X and Y be m x n matrices in the complex domain. Let A be
m x m and B be n x n nonsingular constant matrices in the sense of free of the
elements in X and Y. Let C' be a constant m x n matrixz. Then

Y = AXB + C,det(A) # 0,det(B) # 0 = dY = |det(AA*)|"|det(BB*)|["d X,
(1.3)
where A* and B* denote the conjugate transposes of A and B respectively.

When A = A*, where A* denotes the conjugate transpose of A, then it is called
a hermitian matrix. The next result is about the transformation of a hermitian
matrix to a hermitian matrix.

Lemma 1.2. Let X andY be px p hermitian matrices and let A be a nonsingular
constant matriz. Then

|det(A)[2PdX

|det(AA*)[PdX (14)

?:AXA*idY:{

_ The next result is on a decomposition of the hermitian positive definite matrix
X=X">0.

Lemma 1.3. Let X be a p x p hermitian positive definite matriz. Let T be a
p X p lower triangular matriz with diagonal elements t;;’s being real and positive.



Consider the unique representation X =TT*. Then

p
X =TT* = dX = 2{[[ er)""yar (1.5)
j=1

Next we define a complex matrix variate gamma function, denoted by fp(a)
and defined as

~ p(p—1)
2

Fy(a)=m FNa)l'(a—=1)..INa—p+1), Rla)>p-—1, (1.6)

with the following integral representation:

F(a) = /Y et (V)] e ay (1.7)
>

By using Lemma 1.3 and (1.6) we can evaluate the integral in (1.7). Then a
matrix-variate gamma density, in the complex domain, can be defined as follows:

() = %Met()@ﬁ‘pe_“wm, =X >0 Ra)>p—1 (18)

and f(X) = 0 elsewhere, where B = B* > O is a constant hermitian positive
definite matrix.

Lemma 1.4. Let X be a nonsingular matriz and let Y = X', Then

|det(XX*)|"2dX for a general X

-~ - S ~ ~ 1.9
|det(XX*)| 7P for X = X* or X = —X". (1.9)

?:X‘lﬁd?:{

We need complex matrix variate beta function and its integral representations.
The complex matrix variate beta function will be denoted and defined as follows:

By(a,B) = %,%(a) >p=1LRB) >p-1 (1.10)
_ / [det(X)[*P|det (I — X)FPdX (1.11)

O<X<I
_ / (et (D)7 |det(I + 0)~@+A)d0 (1.12)

for R(a) > p—1,R(B) > p — 1 where, in general, [, _¢_p f(X)dX will mean the
integral of a real-valued scalar function f (X ) of complex matrix argument X and
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the integral is taken over all X such that A= A4*>0,B=B*>0,X = X* >
O, X—A>0,B—X >0, where A and B are constant matrices.

2. Explicit Evaluations of Gamma and Beta Integrals in the Matrix
Variate Case in the Complex Domain

We will try to evaluate explicitly matrix-variate gamma and beta integrals
in the complex domain by using conventional procedures. This will reveal the
structure of the integrals. When the real p x p matrix X is symmetric and positive
definite then for p = 1 it reduces to a real scalar positive variable x > 0. If the
matrix X is in the complex domain and if it is hermitian positive definite then also
for p = 1 it reduces to a real scalar positive variable x > 0. Hence for p = 1 the
matrix-variate gamma and beta integrals in the real positive definite or hermitian
positive definite cases reduce to the ordinary gamma and beta integrals in the real
scalar case.

2.1. Matrix-Variate Gamma in the Real Case, p = 2

Forp=2

Foy(a) =m2l(a)(a— <) = / |X\°‘_ge_tr(x)dX.
X>0

T X
X:{l 2}>O:>x1>0,x3>0,:c1x3—x§>0.
Ty T3

Hence we have to evaluate a triple integral over x1, 2o, x3 subject to the conditions
x1 > 0,73 > 0,203 — 23 > 0. The integral, denoted by I is the following:

FQ = ///[.C(Il,fg — :cg]o‘_%e_(“”f’)dxl AN dLIZ'Q VAN dLUQ.

Let zo = /xix3 r for fixed x1,x3, then the Jacobian is /zix3. The integral
becomes

F2 = ///(m1x3)a_%(1 — r2)a_%e_(m1+m3)1/$11’3d$1 A\ d,’lﬂ'g Adr

for —1 <r < 1,x2; > 0,23 > 0. Integral over r gives

1 , 1 ,
/ (1-— TQ)O‘_%dr = 2/ (1-— r2)°‘_%dr, uw=r’
- 0

1



/ ¢ e dry = / 9 e " drs = I'(a).
x1>0 x3>0

Hence the integral is

— () (o — %), R(a) >
= FQ(Oé)

|~

and hence the result is verified.
2.2. Matrix-Variate Gamma Integral in the Complex Case, p = 2

From our notation

Consider the matrix

X = Il_ To + 1Y _ X
Ty — Y2 xs3

where * denotes the conjugate transpose. When X > O or hermitian positive
definite then we have z; > 0,23 > 0, 2123 — (23 + y3) > 0. Hence integration is
to be done under these conditions. Let the integral be denoted by I's. Then

Ty = / |det(X)[* 2" dX
X>0

= ////[l’lxg — (SL’% + y%)]o‘_2e_(x1+x3)dx1 VAN dl‘g VAN dLE‘Q VAN dy2

Let o = /x1x3 rcosb,ys = /rix3 rsinf then the Jacobian is xyx3 r and the
quadruple integral becomes

2 1
FQ = / / / / (I'l{lfg)a_l?"(l - r2)°‘_2e_(x1+w3)dx1 N d.ﬁlfg Adr A db.
60=0Jr=0Jx1>0 Jx3>0

Integral over 6 gives 2r. Put u = r%. Integral over r gives

2 /01 r(1—r*)*2dr = /01(1 —u)**du = T T
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Integrals over x; and x5 give one I'(«) each. Then the quadruple integral gives

ﬂr@)]?% = 7 T(a)T(a — 1) = Ty(a)

for R(c) > 1 which verifies the result.
2.3. Matrix-Variate Beta Integral in the Real Case, p = 2

The general definition of real matrix-variate beta function and an integral
representation are the following:

Lp(a)Tp(8)
I'y(a+5)

for X > O, R(«) > p—gl, R(B) > p%l. As mentioned earlier, for p = 1 the real and
complex matrix-variate cases coincide with the real scalar variable case. Hence
we look into the case p = 2.

B

I
(@, ) = _ / X[ T X P X
O

_ Dy(a)a(B)

By(a, B) = Tola+ )

[(a)l(a— 5)T(B)0(B — 3)
I'(a+ B (a+ B — %)

1
= T2

for R(a) > 1, R(8) > &. Let

X:F1 ”ﬂ thenl—Xz[l_xl _@}

Ty X3 —XT2 1-— XT3

and the integral representation becomes

I , I , ,
/ |X|O‘_%|I—X|B_§dX :/ [a:lxg—xg]a_%[(1—3:1)(1—:53)—xg]ﬁ_%dzl/\dxg/\dxg.
o) o)

But

(z123 — 23)* 72 = a5 [z — 2]

2
which means that z; > z—i Now,

(1= ) (1= ) — a3P% = (1= P H1 =y — 2o



which means that z; < 1 — lfig. That is,

. 2
21— 2
T3 1-— T3
which means that 0 < v < b where v = z; — z—g, b=1- ﬁig) Then the
integrand will reduce to the following factors:

i for fixed x3. The integral over z gives

. Put Z = \/ﬁ
/(1 — )ty = 2/ (1 —22)2"F2dz
z z>0

= / w2 (1 — w)* P2 dw, w = 2
w>0

SIS

where v =

TG (a+8-1) N
= T+ JR(a+p) > 1.

Now the integrals over x3,v and w give the following:

et L D(@l(B)
/0 291 — 23) s = m,%(a) >0,R(8) >0

Hence the total integral, by taking the product, is

%F(&)F(Oé - OTB)T(B—3) - Dy(a)a(B) o
" Pla+B)D(a+p5—-3)  Tala+p) Bele )

Hence the result is verified for the real case. Explicit evaluations for p > 3 will be
difficult and it is simpler to use matrix methods directly starting from p > 2.

2.4. Matrix-variate Beta Integral in the Complex Case: p = 2



Let

~ T To + 1
X = Lo iR S 0,25 > 0
T — 1Y2 x3

and

[det (X)[*7% = 125 — (23 +y3)]°
[det( — X)772 = [(1 = 21)(1 - x3) — (a +33))"".

Steps parallel to the ones in the real case will go through and we have the factors

2 2
2 a- —2a46— +93)
a=2(1 _ 2.\8-20-2(] _ gzbawsb:l_(% 2)
B0 = ) P01~ 0) be1o

Put 21 = \/ﬁ, Z9 = \/ﬁ for fixed x3. Then b =1 — (Z% + Z%) Put
z1 =1 cosf, zp =1 sinf, 0 <r <1, 0<60<2xr. The Jacobian is r.

/ / VB 3d2 Adzy = / / — 3o TB=3dr A dh
z1 J 29

= / r(1 —r?) P34y
X

B DI+ 5 —2)
=7 Fat 51 JR(a+p6) >2

Now, the integral over x3, v, 21, 25 give

/1 ZL’? 1(1 — Ig)ﬁ_ldxg = w, §R(OK> > O, %(ﬁ) >0

Fa+5)
b sy ypeagy _ DO DTGB 1)
[ o= oy - SE ) ) > 1) > 1
a+63z P (Oé—'—ﬁ 2)
u//w R YO )

Then the product gives

L@ = DPETE -1 _ T@lB) _ g
Ta+ATa+5—1)  Dlatp) 2°

for R(a) > 1,R(B) > 1, and hence the result is verified. Explicit evaluations for
p > 3 will be difficult and it is simpler to use matrix methods directly starting
from p > 2.



3. Some Special Cases of Fractional Integrals in the Complex Matrix-
variate Case

Let f (f/) = |det(f/)|—“f, Consider Kober operator of the second kind when
f(V) is as given above.

et(U)|? - .. L
sy =R [ aea(7) = laer(7 — 0y (7)a¥
7 pla) Jvso

:‘det(N)‘B e ¥ —B—a—v e ~_ P [a—p 117
S L, et e — vy

CR@)P [ e

=S [ e 4 Dy = - 0
det(D)

T ~ ~ 1~ o~ 1 ~
= N—‘/ |det(WW)|*7P|det (] + U_§WU_§)|_B_O‘_VdW
(@) W>0

/ (det(7)[*~|det(I + T)|-#-—"dF, T = -3 Wi
>0

_ TN | —Y P(ﬁ—i_fy) o . .
~ et 0)] 2T i) > 1 R +9) > =

Consider Kober operator of the first kind.

Ko f = Wﬁ |det(V)P|det(T — V)" P £(V)dV.
’ 174

fp(a) <U
Special case 1: f(V) = |det(V)|". Then

det 7)| a8 ~ ~ ~ 1~ ~ 1 ~
o g — [det@)7 / (et (V)47 |det ()P |det (I — T3 7T~ 3)|*PdV
' V<O
v ~ ~ ~ ~ 1~ o~
7|/ ~|det(W)|PH|det(I — W)|*PdW, W = U 2VU 2
Oo<W<I

fp(ﬁ"‘W"‘F)
Tpla+B+7+p)

for (o) > p—1,R(B+7) > —1, by evaluating by using a type-1 beta integral.
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Special case 2: f(V) = [det(I — V)|

|det(U)] =7
fp(a)

== / |det(W)|?|det(I — W)|*P|det(] — U zWU 2)|7dW,
Fp(Oé) o<W<I

Kiaf = [ et idei(r - ) e - 7)fe-rar
7 V<O

1~ ~

for W = U~2VU~2. Now, evaluating by using Example 6.4 of [5] we have

. 5 5
_MzFl(ﬁ+p,y;a+ﬁ+p;U),O<U<[
for R(a) > p—1,RN(B) > —1.

Special case 3: f(V) = |det(V)["|det(I — V)|~. Then, following through the
steps in special cases 1 and 2 we have

o -~ L(B+7v+p)
Kref = |det(U)) 2

2F1(ﬁ+7+p,5;oz+ﬁ+7+p;(7)
L+ B+v+p)

for O <U < I,R(a) >p—1,R(B+7) > —1.

Special case 4: We can have a hypergeometric series for f(V/ ) For the meaning
of the symbol [a]x, zonal polynomial Cx (V) and the partition K, see for example
[5],[13]. Let

for s > 7 or r = s+ 1 and |V|| < 1 where ||(-)|| denotes a norm of (-). Then

K_|det(U)|~"
f ZZ Kkl fp(a)

k=0 K

x / ~ |det(f/)|ﬁ|det(l7— 7)o (V).
V<U
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Take out U from |det(UJ — V)|*"? and make the transformation W = U2V U~ 3.
Then the integral part becomes

1
fp(a)

(SIS

/  [det(W)|P|det(I — W)[*PC (UZWT?)
Oo<W<I

~ L(B+p BHpk A -
CLa+p8+p) latp +p]KCK(U)

by using (6.1.21) of [5]. Now, writing the result as a hypergeometric function we
have

fp(ﬁ +p)

= _r F’s (a ceey Qe B—F]Db bs Oé—i—ﬁ—#p'l/)
1 1 1 ) Y s U1, Y Y Y
Ip(a ﬁ p)

K=

for s >rorr=s+1and |U|| < 1.
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