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Abstract: The generalized hypergeometric functions in one and several variables and their natu-
ral generalizations appear in many mathematical problems and their applications. The theory of
generalized hypergeometric functions in several variables comes from the fact that the solutions of
the partial differential equations appearing in a large number of applied problems of mathematical
physics have been expressed in terms of such generalized hypergeometric functions. In particular, the
Kampé de Fériet function (in two variables) has proved its practical utility in representing solutions
to a wide range of problems in pure and applied mathematics, statistics, and mathematical physics.
In this context, in a very recent paper, Progri successfully calculated the ;F, generalized hypergeo-
metric function for a particular set of parameters and expressed the result in terms of the difference
between two Kampé de Fériet functions. Inspired by his work, in the present paper, we obtain three
results for a terminating 3F, series of arguments 1 and 2, together with a transformation formula of a
3F»(z) generalized hypergeometric function in terms of the difference between two Kampé de Fériet
functions. One application of this result is also provided. The paper concludes with six reduction
formulas for the Kampé de Fériet function. Of note, symmetry occurs naturally in the generalized
hypergeometric functions , F; and the Kampé de Fériet function involving two variables, which are
the two most important functions discussed in this paper.

Keywords: Gauss hypergeometric function; generalized hypergeometric function; unit argument;
Ramanujan’s summations; reducibility; Kampé de Fériet function

1. Introduction

The generalized hypergeometric function ,F;[z] is defined by [1], (p. 404)

F [al,az,...,ap.z} _ & (a1)n(a2)n ... (ap)n z"
Pea bl,bz,...,bql =0 (bl)n(bZ)n---(bq)n Tl!,

where (a), =a(a+1)--- (e +n—1) =T(a+n)/T(a) is the Pochhammer symbol (or the
shifted factorial). Here p and q are nonnegative integers, and the parameters a; (1 < j < p)
and b; (1 < j < ¢) can have arbitrary complex values, with zero or negative integer values
of bj excluded. The sum converges for [z| < oo (p < q), [z <1(p =g+ 1)and |z| =1
(p = g+1,and R(s) > 0), where s is the parametric excess defined by s = Z]q.:l bj— Z;;l aj.
Symmetry occurs in the numerator parameters ay, 4y, . . ., ap, and symmetry also occurs
in the denominator parameters by, by, ..., b, of the generalized hypergeometric function

a,an,...,a
F Pozl.
P q[bl,bz,...,bq
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That means that every reordering of the numerator parameters ay,4s, ..., 4, of the
generalized hypergeometric function provides the same function, and every reordering
of the denominator parameters by, by, . . ., b, of the generalized hypergeometric function
produces the same function.

In the theory and application of hypergeometric and generalized hypergeometric
series, summation and transformation formulas play a very important role. In our present
investigation, we require Kummer’s second theorem [2], (p. 126), for the confluent hyper-
geometric function

= n] %0 —on| T2 (1)
6112a,2—01a+%,4-
Kummer [3] established this result from the theory of differential equations. Bailey [4]

gave a different proof using the two Gauss summation theorems for yF;. From (1), it is
possible to deduce the two results recorded in [2], (p. 127)

—2n,a (%)n
F ;2| = ————, 2
2 1[ o ] @+ Dn ()
and
—2n—-1,a | _
25{ o ,2} =0, ®3)

for a nonnegative integer 7.
The following result contiguous to (1) (written here in slightly different form), which
is a special case of a general result recorded in [5], (7.11.7 for n = 1, p. 579) viz

2 2
a a 4 z — z

“ZF ;22| = oF ;| = =———oF ;= 4

¢ 11{211—#—1 Z] 01{a+; 4} (2a+1)01[u+2 4} @)

From this last result (4), it is possible to deduce the following two contiguous evalua-
tions recorded in [6]

—2n,a .| _ (l)n
2Fi{2a4—1’2]‘_(a.i%)n’ ©®)
—2n—1,a | _ (%)n
21:1{ 2a+1 7 ] N (2{1—1—1)(11—0—%)” ©)

In addition, from [6], we have

’ @)

where in (5)—(7), n is also a nonnegative integer.
In addition, the well-known quadratic transformation for the Gauss hypergeometric
function due to Kummer [3] is (see also [1], (15.8.13))

1

1.,1 2
e E [ | 262¢+5 (2
(-2h| 5] =m0 () ] ®

provided |z| < 1 and |z/(1 —z)| < 1. Another form of this formula can be written by

setting z/ (1 — z) = —x to obtain

- a,c_—2x e e+l
(1—x) C2F1[' ;}221:1[2'2 12;36]- ©)
2a "1 —x a+3
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Employing the beta-integral method for (9), Krattenthaler and Rao [7], (Eq. (3.4))
obtained the following hypergeometric identity

a,cd I'(e—c)T(e—4d) lelep 1151541
F, Y D = 7 2572 2/2% 73 2.1 1
32{2a,1—e+c+d’] F(E)F(e—c—d)43 1,71 1 oL (10)

provided c or d is a nonpositive integer.
In 2011, Choi and Rathie [8] obtained two results contiguous to (8), one of which is
given here:

1.1 1 2
_ _ 263¢+5 (2
(1-2)° zPl[z i 2} 2P1[ 0t} ’<1—z

2
_ cz c+2,2c+1 Z
(2a—|—1)(1—z)2F1[ 0t} ’(1—ZH’ (1)

provided |z| < 1and |z/(1 —z)| < 1. As discussed above, another form of this result is

_ ac —2x ie,le+1 o
T = e B S
2a+1"1—x a+y

_|_

cx F[ c+2,2c+1 xz}. (12)

20417 u+2

Employing the beta-integral method for (12), Ibraim et al. [9] from Equation (11)
obtained the following identity

a,c,d I'(e—c)T(e—d lele4 11141
o] - Hezore=a (g ioderdaderd )

2|20 +1,1—etc+d’ T(e)[(e—c—d) a+3,3e e+
cd e+l de+1,ld+ 1 da+1
+ 3 272 24T 3,2 .1 b 13
e(2a+1)4 { a—i—%r%e—}—%,ze 1 (13)

provided c or d is a nonpositive integer.

Very recently, by means of Kummer’s second theorem (1), Progri [10] from Equation (1)
expressed a certain  F; hypergeometric function as the difference of two Kampé de Fériet
double hypergeometric functions. The Kampé de Fériet function [11] is defined by

ok (@) 5 (By)i (81)
| (cj)  (dy); () )

v v (a1)m+n - (’Zp)ern(bl)mu-(br)m(b
B ; ; (€)min - Cq)mrn () -~ () (@) - () mlnl”

where the double sum converges

(i) For |x|,|y] <cowhenp+r<g+s+1, p+k<qg+{+1;
(if) For |x[, [yl <1 (p < q), [x[* +|y[* <1 (p >4q) when (14)
p+r=q+s+1, p+k=q+L+1,

where a := 1/(p — q). Progri’s result then takes the form

e % Fy a,b | _ po2t — coib il 1 222
2ﬂ,b+1’ 2:1,0 b+212b+1 a_'_% ; _14/4
B TIPS TR P I
e TR TN MG S 3
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Symmetry occurs naturally in the Kampé de Fériet function defined by (14) for the
numerator parameters a; (j=1...,p),b; (j=1...,r),and b} (j=1...,k) and also for the
denominator parameters¢; (j = 1...,9),d; (j=1...,s), and d;- (j=1...,¢). Thus, the
generalized hypergeometric function ,F; and the Kampé de Fériet function, which are the
most significant functions investigated in this research, exhibit natural symmetry.

The hypergeometric functions of one and several variables occur naturally in a wide
variety of problems in applied mathematics, physics (theoretical and mathematical), en-
gineering sciences, statistics, and operations research. There have been applications of
hypergeometric functions in one and several variables in such diverse fields as

(a) Statistical distribution theory related to beta, gamma, and normal distributions
(b) Communications engineering;

(¢) Theory of Lie algebras and Lie groups;

(d) Integral transforms (including integral equations);

(e) Perturbation theory;

(f) Decision theory, etc.

These have been presented in detail in two texts [12,13] by Exton.

The rest of the paper is organized as follows. In Section 2, we derive three new and
general results for the terminating 3F, series of argument 1 and 2. As special cases, we
recover the fresults recorded in [6]. In Section 3, we establish a new transformation formula
for the generalized hypergeometric function 3F, expressed as the difference of two Kampé
de Fériet functions. Finally, in Section 4, we present six results for the reducibility of the
Kampé de Fériet function.

2. Three Results for the Terminating 3F, Series

In this section, we establish three results for terminating 3F, series asserted in the
following theorem:

Theorem 1. Let m be a nonnegative integer. Then, the following three results for terminating 3F>
series hold true:

2m,a,b (%)m(%b>m —m,l,l—g_m
3F2|: ,2:| = 3132 2 ,1 , (16)
2a,b+1 (a+ Dm(Eb+ 1), F-1b-m1-1b—m
—2m—1,a,b
SFZ{ 2a,b+1 ’2]
$)m(3b)m(zb+ 3 -m, 1, —a—m
— (2)7111(2 T(Z 2 . 5 3F2|:1 1 ) ) ,1:|, (17)
(b+1)(a+§)M(jb+1)m( b+§)m jfib—m,lfib—m
and X 1 1
-m, 1, —a—m a4+ 5)m(za+1)
3Fz{1 12 ; } _ 0 : 2){”(2 — (18)
sA—Mm,5 —54—m (3a—Dn(La)m

Proof. In order to establish (16) and (17), we proceed as follows. We write Progri’s result
(15) in the form

o a,b ) . B ZFz(Z)
Sz 3p2[2m+1,zz} =RE) - G (19)
where, forj = 1,2,
1y 17, 1 2 2
”. — : 5b,5b+ 5 1 z¢ z
Fi(z) := 0:2{1{ . . 272" 2 J=,— (20)
i) = Fai b3, 5b+3j+3:  a+i ; —'474
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Expressing S in series form, we find
B i i mzn ) (b)n Zmtn
s 2a (b+1), mn!’
We replace m by m — n, using the result from [2], (p. 56)
o [o 0] o0 n
L) =) ) Alkn-
=0k= n=0k=0
together with the elementary identity (m — n)! = (—1)"m!/(—m),, yields after some sim-
plification
o ( m m m 1’l ) (b)l’l
S =
mgo ; b + 1);11/1'
_ - (71)mzm 7m,ﬂ,b .
B mijo w32 20,5 1172

Separating this last expression into even and odd powers of z, we finally obtain

=L

© 2m+1 _ _
2m,a,b ] z )32[ 2m 1,a,bl_2} 1)

F 2l - Y
32[2a,b+1 = (2m+1)! 2a,b+1

Proceeding as above, using (a)u—n = (—1)"(a)n /(1 — & — m),, it is not difficult to
see that

(lb)m(22/4)m —m, 1, —a—m
2 3F 2 -1
1 A =Sb-m1—3b—m’|

and

1
m=0 (a+%)M(%b+1)m(%b+% " 2

1 1
53— sb—m1—35b—m

0 1 1 1 2 /4\m 1
50)m(5b+ 5 4 - 5—a—
E(z)= Y (20)m(gb + 2)m(z/ )) 31:2{ m1,5—a—m ;1]‘
Finally, the expressions for S, F(z), and F,(z) may be substituted in (19). Then,
equating the coefficients of z>" and z?"*1 on both sides and using the identities
@m)! =22"(Ly,m!,  (2m+ 1)1 =22"(3)m!,

we obtain the results stated in (16) and (17).
For the derivation of (18), we put b = a — 1 into (16). Then, making use of the
summation (7), we at once obtain the result (18). This completes the proof of Theorem 1. I

Remark 1. In (16) and (17), if we take b = 2a and make use of Vandermonde’s theorem

for a nonnegative integer m, we obtain the known results (5) and (6), respectively.

Remark 2. Ifwelet b — oo in (16) and (17), then we recover the results (2) and (3), respectively.
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3. A New Transformation Formula

In this section, we establish a transformation formula asserted in the following theorem:

Theorem 2. Let Z = z/(1 — z). The following transformation formula holds true

1.1 1 11 1 1
Y a,b,c . 221 5CC+5 jb,jb‘l'j/ 1 52 52
(1 Z)3F2[2a,b+1’2] FZlO[;H;;bH: a+3 ; =4
1 11 o1 1 1.
(b+1) =01 3b+1,5b+5: at+s 5 -

provided |z| < } and |Z| < 1.

Proof. In (15), we replace z by zt, multiply both sides by e~f#~! (with R(c) > 0), and
integrate the resulting expressions with respect to t over the interval [0, ). We then have

0 a,b zt
_ —tic—1 o
S = /0 e 't 2P2 |:2 b + 1’ 22t:| dt 51 b 1 Sz, (23)

where

S = /O =BG ar (j=1,2),

with Fj(zt) being the Kampé de Fériet functions defined in (20).

From [1], (16.11.7), the leading asymptotic behavior of the above »F, function is
O(t~1e%t) as t — +oo when |arg z| < 17, and O(t+77) 4 = min{|a|,|b|} as t — +oo
when 171 < |arg z| < 7. Consequently, the integral S converges when R(z) < 3. Now,
expressing the »F, function as a series, changing the order of summation and integration
(justified by absolute convergence), and straightforwardly evaluating the gamma function
integral, we have

a,b,c
S=Tak| 0 52| (< D). @)

From (A3) in Appendix A, the asymptotic behavior of the Kampé de Fériet functions
appearing in S; and S, is O(e*) (| arg z| < $7) and O(¢*) (37 < |arg z| < 7), respectively.
Consequently, the integrals S; and S also require R(z) < % for convergence. Expanding
the Kampé de Fériet function in S; in double series form (which converges for |zt| < oo
by (14)) and proceeding as above, we obtain

o o Y (3b+ Hm(z/2)2+2
; ; %b-i- 2)m+n( b+1)m+”(a+%)mm!

%)m+n( )(%b *) ( Z >2m+2n

1 1, 1 .
j . jb/7b+§/ 1122 Z2
b+1: at+i ;=TT

/oo e—(l—z)tt2m+2n+c—ldt
0

—

—
o

~—

\/

o
3
Il

I
i agk
72
ond
S REY
3
\H;"
GL
/\ +

—

—_

N

N—

o

I\J\»—l N"—‘

3

2

1
NN
=R

O
N\*—‘I\Jh—l

I\JM—‘
N\>—'

]

where we have put Z :=z / 1—z) (with |Z] < 1by (14)) and have made use of the result
(©)amron = (% )m+n( c+ 5 )m+ 22m+2n - A gimilar treatment of Sy together with (24) then
yields the result stated in (22). The restriction R(c) > 0, necessary for the convergence of
the integrals in (23), can be removed by appeal to analytic continuation. [

Remark 3. Ifwe replace z by z/c in (22) and let ¢ — 400, we recover Progri’s result (15).
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Remark 4. Ifwe let b — oo in (22) and note that

1.1 1 o101 1 1.1 1
lim F2:2;1|:1 QC/?Cl‘Fj : jb,jbj‘j; 1 ;ZZIZ2:| —2F1|:2 CTZ;ZZ:|,
b—+o0 2:1,0 §b+z,zb+1 a+j ; — a.‘.z
and
1 11 o101 1
b—+oo 210 %b—kl,lb—i—%: 11—|—% ; =17 _|_2 ’

we recover Kummer’s transformation (8).

As an application of the result in Theorem 2, by employing the beta-integral method,
we establish the identity asserted in the following theorem:

Theorem 3. Ifcord =0,—1,-2,..., then the following identity holds true:

41—*3{ a, b, c d .2}

2a,b+1,1—e+c+d’

1.1 1141 1 . 131 1 .
_F(e—C)r(e d){F421|: 2Cs %i’i;idizdl+§1 : jb,jbj‘j ; 1 ,1,1:|
Te)Tle—c—d) | ¥ ib+3,b+1,dede+dl: a+l ; —
d o 1 11 17 1 1
n c i%é C+2,%C+1 21d+%,%d+1 2b, b—|—2 ;01 11 (25)
e(b+1) 4V Ib+1,5b+3,Je+ 5, Je+1 at+s

The result (25) also holds when a = —1,—2,..., subject to the convergence conditions
Ra+e—c—d)>0and R(b+e—c—d) > 0.

Proof. If we substitute Z = z/(1 — z) = —x into the result (22), then we have

] 2:1,0

7

R a,bc  —2x ] 4 X 4
(1-x) 3F2{2a,b+1’1—x}_Fl(x)+b+1F2(x)’ (26)
where, forj = 1,2,
A 2:2:1 C+ ]— ’ C+ ] lb/lb+l/ 1 2 .2
Fi(x) := F2% 2 22 2 272772 a2 22,
3 _

sb+3j3b+3i+3:  a+

Now, we multiply both sides of (26) by x?~1(1 — x)¢~4~1 (where we temporarily
assume R (e) > RN(d) > 0) and integrate with respect to x over the interval [0, 1] to produce

1
d—1¢1 _ \e—c—d—1 a,b,c . —2x
/0 (1 —x) 3F2{2ab+1 1_9{} dx

_/ edlpl dx—l— 1/

Whenc = —m, m = 0,1,2,..., both the 3P2(x) and the Kampé de Fériet functions
l:"j (x) terminate. Then, the integral on the left-hand side of (27) becomes

IR, (x) da. (27)

nm;) (_Zligiﬂz)ljnibir;i;'Z)” ‘/01 xa+n=1 (1 . x)e—d—i-m—n—ldx

I'(d)I'(e—c—

- T'(e—c) 2

n:O

)n(@)n(b)n(d)n2"
b+1) (1—e+c+d),’
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upon evaluation of the beta integral (subject to R(e) > R(d) > 0) followed by some routine
simplification. The sum in the above expression can then be identified with the 4F3 series
in (25). Expanding F; (x) in series form and carrying out the integration, we find

1 . I'(d)I(c—d)
d—1 e—d—1
X1 —-x Fi(x)dx =
1 1 1151 1 13 1 1.
Fﬁé[lz 3 fjjdiidﬁjl jb'ib;rj' Y,
bt+aabt+l ezt atsy o —
with a similar result for the integral involving F,(x). This then establishes (25) when c is a

nonpositive integer.

Whena = —m, m = 1,2,... we may proceed in a similar manner by interchanging
the order of summation and integration to find that the integral on the left-hand side of
(27) now results in the beta integral containing the factor (1 — x)°~¢~4~"~1 thus requiring
the condition R (e — ¢ — d) > m or equivalently R(a + e — c — d) > 0. The treatment of the
integrals involving 1:"] (x) is the same, except that as the resulting Kampé de Fériet functions
now no longer terminate, we need the conditions [14], Theorem 1

R@a+e—c—d) >0, Rb+e—c—d)>0, (28)
for convergence. The condition #(e) > R(d) > 0 may be removed by analytic continuation.
As the parameters ¢ and d are interchangeable, the result (25) will also hold for d = —m.
This completes the proof of Theorem 3. [

Remark 5. Ifwe set b — +o0 in (25), we recover the result (10).

4. Six Results for the Reducibility of the Kampé de Fériet Function

The six results for the reducibility of the Kampé de Fériet function to be established in
this section are given in the following theorem.

Theorem 4. The following results hold true:

0:1;1_ - : a 1 . ) . r — ]
FZ:O;O_Q+%’Q+1: — -,X,x_ = OF] -u+%,x:|, (29)
Bl iaes O Dl = B[, T (30)
2:0;0_a+1,ﬂ+%: _’ R Aded ] _a+%, ’
1,1 1 r1.1 1
:1; 50,50 + b ;01 ~d, 54+ 5
F%(l):g) b2+§b+21' . _,'X,X = 2F1 2 Z—F% 2/' :|/ (31)
1 11 7 ri 11
2:1;1 §ﬂ+§,§ﬂ+1l b; 1 . . §g+§’§g+1. }
:0; 3. : sx,x| = 2k 3 ;x| (32)
20’0{ b+1b+5 + —; — ] | b+3

In addition, we have

1 ) . 1 14,1
4:1;1[ ,20+2/2dr d+2' a; 1 ;1,1] 4133[ ’ZC+2’2d’ d+2 1} (33)

4:0,0 a+2,a+1, e, 2e—|—2 o=, = a‘|'2/ 267 2€+2
and
=39 +2,2c+1,1d+2,2d—|—1 a; 1 ;1,1
£00 D= T
a+1 a+3,3e+3, 3e+1 ;

1
_41:3[ C+2,26+1, d+2,2d+1l1], (34)

N a+3, ye+3, te+1
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subject to the convergence conditions R(a+e —c —d) > 0and R(2a+e —c—d) > 0 for general
parameter values.

Proof. To establish (29) and (30), we take b = 2a in Progri’s result (15) to find

2 2
-z a . _ 0:11 — a1 2oz
‘ 1P1|:2a+1’22:|_F2:0;0|:a+;’a+1: - = ’4}
__Z 011 — coa; 1 222 @)
2041200 a+1,a+3: —; —'4" 4]

Comparison of (35) with (4) immediately establishes (29) and (30) upon replacing z2 /4
by x. In the same manner, (31) and (32) can be established by comparison of (22) when
b = 2a with (11).

The results (33) and (34) can be established by comparison of (25) when b = 2a with
(13). Although derived forcord = —m, m = 0,1, 2, ..., they can be extended by analytic
continuation to the general values of a (# —m), ¢, and d provided the stated convergence
conditions hold; see also, (28). O

The results from (29) to (34) can also be deduced from a general result mentioned in
Equation (32) from [11], (p. 28).

Remark 6. If we set b = 2a in (25) and make use of (33) and (34), we obtain the result (13).

5. Conclusions

In this paper, using a recent result of Progri, we obtained:

(@) Three new results for the terminating 3F, generalized hypergeometric function of
arguments 1 and 2;

(b) A new transformation formula for a 3F,(z) generalized hypergeometric function. The
result has been expressed in terms of the difference between two Kampé de Fériet
functions;

(c) Asan application, by employing the well-known beta integral method, an identity;

(d) Six reduction formulas for the Kampé de Fériet function.

We believe that the results established in this paper have not appeared in the literature
and represent a contribution to the theory of generalized hypergeometric functions of one
and two variables. It is hoped that the results could be of potential use in the area of applied
mathematics, statistics, and mathematical physics. All the results mentioned in the paper
were verified numerically using Mathematica.

Finally, since the results presented in the paper are general in character and generalize
and unify several results available in the existing literature, by employing three results for
the terminating 3F, with arguments 1 and 2 presented in Theorem 1, we can further obtain
some new results. Similarly, we can use the results given in Theorems 2—4 to obtain several
new results. These results are under investigations and will form a subsequent paper in
this direction.
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Appendix A. Order Estimate for the Kampé de Fériet Functions in (23)

In this appendix, we estimate the order of the Kampé de Fériet functions appearing
in (23) as t — +o0. For simplicity of presentation, we suppose that the parameters a and b
are real with b > 0. We first present integral representations for these two functions.

Lemma Al. The following integral representations when b > 0 hold true:

0:2;1 — pogbgbt g 1 X,y
2:1,0 %b"'_%,%b'i_l ﬂ+% ; M
1 _
—b/ vblOH( N ;va> 0F1< N ,(1—0)2y> do,
2
and
ro2:1 - ogbybtg; 1 X
210| 1p+1,1p+ 3 a+l %Yy
1 _ _
:b(b—l—l)/o vb_l(l—v)olﬁ(a_i_%;vzx) 0F1(g ;(1—0)2y) do.

Proof. The results follow by series expansion of the two hypergeometric functions with
the resulting integral evaluated as a beta function and use of the duplication formula for
the Pochhammer symbol. [

Now,

- 1
0F1<a+ 1 ;vzx> =T(a+ 3)(ovx)27I _

2

20y3),

Nl—=

where [ is the modified Bessel function, and

) _ sinh2(1 —0) /7]

oF ( Z ;(1— v)2y> =cosh2(1—-9)/Y], ok <; ;(1— v)zy 21— v)\/y

2 2

Then, withx =y = 72/4and y :=a + %, we obtain

17 1 1 2 42
_ p02;1 — togbgbtgs 1T T
F(7) FZ:l;Ohb_i_%,lb—i—l: at+s 5 — 474

=b(a+ %) /01 0" 1(Yot) 7M1, (vT) cosh[(1 — v)7] do, (A1)

and
11 1 1 2 2
T T 021 — : gbzb+5; 1 T° T
E _ 02 20,2013 L
120 = 5 211;°[§b+1,1b+§: aty 5 —' '4]
1
—br(a+1) /0 o L(Lor) ML, (07) sinh[(1 — v)T]do.  (A2)

Since both Kampé de Fériet functions in (A1) and (A2) are functions of 72, it follows
that it is sufficient to consider their behavior only in | arg 7| < %71.
We are therefore led to consideration the of the integrals e [+ (1), where

_I(p+1)

o e

@) = [ o for) (1 200 da, f@):
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From the well-known asymptotic behavior I,,(&) ~ ¢¢/+/27¢ as || — ooin |arg &| <
17 (and I,(¢) = O(¢~1/2) when arg ¢ = £17), itis found that

[fn)] <f(0)=1(a>0), |[f(or)| <2'T(p+1)|7]™" (2 <0),
as |t| — co with v € [0,1]. Hence, |J+(T)| = O(1) (a > 0), O(t?) (a < 0) for |T| — o0 in
larg 7| < 1.
Consequently, the functions F; (7) and TF,(7) in (A1) and (A2) satisfy the order estimates
O(e") (a>0), O(t™"%") (a<0), (A3)

as |t| — ooin|arg 7| < 17 Inthe sectors 1w < |arg 7| < 71, the exponential factor in (A3)
is replaced by exp T, where the bar denotes the complex conjugate.
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