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The derivatives of eight Horn hypergeometric functions [four Appell Fi, F», F3,
and F4, and four (degenerate) confluent @, ®,, ¥, and E;] with respect to their
parameters are studied. The first derivatives are expressed, systematically, as triple
infinite summations or, alternatively, as single summations of two-variable Kampé
de Fériet functions. Taking advantage of previously established expressions for the
derivative of the confluent or Gaussian hypergeometric functions, the generalization
to the nth derivative of Horn’s functions with respect to their parameters is rather
straightforward in most cases; the results are expressed in terms of n+2 infinite
summations. Following a similar procedure, mixed derivatives are also treated. An
illustration of the usefulness of the derivatives of Fy, with respect to the first and third
parameters, is given with the study of autoionization of atoms occurring as part of
a post-collisional process. Their evaluation setting the Coulomb charge to zero pro-
vides the coefficients of a Born-like expansion of the interaction. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4994059]

. INTRODUCTION

Two-variable hypergeometric series have been studied extensively from their mathematical point
of view.!* Horn essentially identified 34 distinct convergent series (see, e.g., p. 224-226 of Ref. 3
or Sec. 1.3 of Ref. 1). Amongst them, we have selected eight Horn series that occur more frequently
in a wide variety of problems in theoretical physics, applied mathematics, chemistry, statistics and
engineering sciences (see, e.g., Refs. 2—16). They are the four Appell hypergeometric functions (Fy,
F,, F3, and F4) and four (degenerate) confluent hypergeometric ones (@, ®,, Vi, and E;). The
purpose of this paper is to provide ready to use compact expressions for the derivatives of such
functions with respect to their parameters.

Amongst the properties of two-variable (say z; and zp) hypergeometric functions, one finds com-
pact expressions for the derivatives to nth order with respect to z; and/or z;. In some applications,
on top of the variables, the quantity of interest may be one of the parameters, say «. The dependence
on such a parameter is therefore related to the study of Horn series as a function of «, rather than
their variables z; and z,. Similarly, for one-variable hypergeometric series ,F, the dependence on a
parameter may be of special interest; this is the case for applications in fields as varied as physics,!’~>*
engineering,”>~?% neurosciences, biochemistry,?” statistics,?!*> and even in mathematical finance >3
One important tool is then provided by the derivatives of such functions with respect to their param-
eters since they allow, for example, to write a Taylor expansion around a given value a(. The first
derivative, in particular, is the required quantity if one focuses on the linear dependence on a given
parameter.

The derivative of hypergeometric series with respect to a parameter implies expressing the
derivative of a Pochhammer symbol (or the reciprocal Pochhammer symbol) with respect to its
argument. In this direct method, appears the digamma function ¥ or polygamma functions if higher
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derivatives are at stake; although recurrence relations may then be effectively used to reformulate the
sought after results, the approach is cumbersome as discussed in the Introduction of Ref. 34. Following
this direct route, derivatives with respect to parameters of Appell hypergeometric functions have been
derived by Sahai and Verma.?> With a different scope, useful expressions and properties of derivatives
of the Pochhammer symbol were provided recently by Greynat et al.”>* who then applied the results
for the so-called e-expansions of some Appell and Kampé de Fériet hypergeometric functions (the
analytical method seems particularly well adapted to the studied cases in which & appears linearly
in several parameters at the same time). Such g-expansion is expressible also in terms of multiple
polylogarithms (see Refs. 23 and 36-38 and the references therein). Without going into details of each,
other analytical and/or numerical approaches exist. For certain classes of functions, small parameter
expansions can be achieved by algebraic tools based on nested sums and can be formulated as
algorithms suitable for an implementation on a computer.>®** Another numerical tool is provided by
the HYPERDIRE project which is devoted to the creation of a set of Mathematica-based programs
for the differential reduction of generalized hypergeometric functions without the construction of
g-expansions, 63740

As we already stated, the Horn series appear in many branches of science. In high energy physics,
in particular, it was shown that any one-loop Feynman diagram has a representation in terms of Horn-
type hypergeometric functions of few variables (see, e.g., Refs. 5, 6, and 15). In the framework of
dimensional regularization, it is necessary to construct the derivative of such functions with respect to
the parameters. It is therefore in this field, in particular, that analytical properties have been obtained
and different algorithms have been developed and computer packages published (see, e.g., Refs. 7, 16,
23, 24, and 3641 and the references therein). Some techniques are specific to a class of multivariate
hypergeometric functions, or to integer, half-integer, or rational parameters, others have limitations
in their application. We emphasize that the present contribution does not aim to review and compare
different algorithms. Furthermore, it does not aim to be exhaustive with respect to the 34 Horn
two-variable series.

In previous investigations, we studied the derivatives of any order n, with respect to their param-
eters, of one-variable (z) hypergeometric series: the confluent hypergeometric function | Fy,>* the
Gaussian hypergeometric function F,** and the general hypergeometric function ,F,.* This was
made possible using the second-order linear differential equation that they satisfy, together with
Babister’s solution** to closely related non-homogeneous differential equations. The nth derivatives
could finally be expressed in a systematic way in terms of Kampé de Fériet functions” in n+ 1
equal variables z. In contrast to the direct method, we found this differential equation method sim-
pler to implement and generalize. Besides, according to the rather wide range of applications it has
encountered (see, e.g., Refs. 17-22 and 25-33), our formulation seems to be sufficiently accessible
to non-mathematician end users.

The differential equation method employed for the one-variable hypergeometric functions can
also be applied, in principle, for some two-variable Horn functions (like the Appell F'|) that can be
related to a high order ordinary differential equation.*> However, since this association is not generally
applicable to all the functions of Horn’s list, we propose here a different strategy. Essentially, we
express Horn functions as single series of Gaussian or confluent hypergeometric functions and then
exploit, when possible, our previous findings.***? This provides us with a systematic way of writing
the nth derivatives of Horn functions with respect to the parameters; they are given, in most cases, as
a single sum of generalized multivariable Kampé de Fériet functions, noted as 2®(1") and ®™, whose
definition and properties were presented in Refs. 42 and 34, respectively.

We consider derivatives to any order n, but we shall provide details of the procedure mainly for
all n =1 cases; higher order derivatives, as well as mixed derivatives, are obtained in a similar fashion
since our approach is quite systematic. Also, results for only eight Horn functions will be detailed.
Further two-variable Horn series, as well as triple hypergeometric functions, can be considered in a
very similar way.

To illustrate the usefulness of some of the found expressions, we have considered a physical
application: the autoionization of atoms*® when the decay occurs as part of a post-collisional process.
After an ion-molecule double electron capture, say He** + Hy — He*™ + HJ™, the doubly excited He™
autoionizes, i.e., He** — He* + e~. We propose to use the @, model*’*® to describe the interaction
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between the autoionized electron and the two nuclei of the doubly ionized molecule. Such a model
leads to interference fringes on the electron spectra.** As we shall explain, the nuclear charges of
the molecule play the role of physical parameters; a Taylor expansion around them corresponds to a
Born series approach. Since these nuclear charges appear as mathematical parameters in an Appell
F; function, derivatives with respect to them are needed to build up the corresponding series and
allow for a physical interpretation of the involved Coulomb interactions. Note that for sufficiently
high relative electron velocities, a first-Born treatment is generally enough, and thus only the first
derivative is needed.

In Sec. II, we describe the method and provide the expressions for the first derivatives with respect
to the parameters. The generalization to order n, mixed derivatives and some further properties are
given in Sec. III. A physical application is presented in Sec. IV. Section V provides a summary of
our results.

Il. FIRST DERIVATIVE OF EIGHT HORN HYPERGEOMETRIC FUNCTIONS
WITH RESPECT TO THE PARAMETERS

We assume hereafter that all variables and parameters of the Horn functions are complex numbers
and that the parameters appearing in the denominator of all series are neither zero nor negative integers.
Also, unless otherwise indicated, in all summations, the integers run from 0 to co. We start by recalling
some results of Refs. 34 and 42 which we shall need below.

Consider first the Gaussian hypergeometric function

2F1 (a,b,c;z):Z %i

©, nv’

where the Pochhammer symbol (), = '(y +n)/T'(y) is defined in terms of the Gamma function;? it s
assumed that |z| < 1. The derivatives with respect to the parameters a or ¢ of the function , F (a, b, c; z)
can be written as*?

ey

d Z ab 1) 1,1|a,a+1,b+1

- F 3bs 5 = - @ 5%y ) 2

da’ 1@.b,¢:2) ac ! a+12,c+1 oz (22)
d zab g Lllea+Lb+1

— s F ’b’ ) === — s > 2b
dc’ @b, ¢;2) c et c+112,c+1 oz (20)

where 2®(11) stands for a two-variable Kampé de Fériet function” defined as*?

o ay,az|by, by, bz
! c1ldy, da

_ _ X @)@ 0D) GDinG3min & B
b Zz) a Z (Cl )m (dl )m+n(d2)m+n m! n! ' (3)

As a and b play a similar role, the derivatives with respect to b may be obtained by interchanging a
and b in (2a).
For the confluent hypergeometric function

m,n

(a), 2"
Fi(a,b;z2)= = 4
1F1 (a,b;2) En](b)nn! @)
the derivatives with respect to a and b read®*
d z 1,1la,a+1
— \Fi(a,b;z)=>0M e 5
A ) TP B Ga)
d 7z a 1,11b,a+1
— Fi(a,b;z7)=— + - Y :2,2], 5b
a1 @rI= g b+112,b+1|0° Gb)

where @1 stands for a two-variable Kampé de Fériet function” defined as*

@m( ar, az| by, by ;Zm): i i (@D, @2y V), G2y 2125 ©

cildy,dy (Cl)ml(dl)m1+m2(d2)m1+mz my!lmy! .

mi =0 I112=0
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We can now proceed with the eight Horn series Fy, F, F3, F4, ©;, @, ¥, and E;, whose
definitions can be found, e.g., in Ref. 1.

A. Function F,

For presentation convenience, we shall start with the Appell F; function which is defined by the
two-variable series

m+n(b1)m(b2)n Z_l _g
|’

@
Faa, by, b, c1,e2321,2) = ) 2 Jal+lal <1 @)
mn (cl)m(c2)n m. n

One may also express the F; function as a series about z; = 0 for fixed z»

k

a) (b
Fa(a.bi.bascrcxizi,22) = Z( OB Frtas kb i) - ®)

Using the derivatives of the Gaussian hypergeometric function with respect to its second (respectively,
third) parameter [i.e., relations (2a), respectively, (2b)], we find

b Fa(a,by,by,c1,c2;21,22)

Z (a+ Db o L1by,by+ l,a+k+1
(e ! by+1]12,¢ + 1

2
2222 (9a)

(b + 1)m+n (bl)k (1)m(b2)m Z] ZZ Z2

=22 — (a+1) m+n ()n I (gb)
’ k;n e D mn(c2+ Dy (e (b2 + 1), k! m! n’
d
o Fay(a,by, by, c1,¢2;21,22)
2
ab a+1).(b 1,1|lco,a+k+1,by +1 Z~
= -2 —22 wﬂ)gl) 322,22 ]‘ %)
T (c1)i co+112,c0+1 k!
B2+ Din b0k Dple2 (0 3 5 5
=-2— Y (a+Dm D7y == Od)
2 2 k;n e @min(c2 + Dy (€1 (c2+ 1)y, "k! m! n!
In each case, the second equality is obtained by using the identity
1 1
_ (@) (10)

(a+k) a (a+1l)

Thus the derivative of the Appell function is expressed either as an infinite series of functions 2®(11)
or, equivalently, as a triple infinite summation.

Making use of the symmetry relation F»(a, by, by, ¢, ¢2; 21, 22) = Fa(a, by, by, c2, c1; 22, 21),
we have similar expressions for the derivatives with respect to b; and ¢; where in the above one
interchanges (z1, b1, ¢1) with (22, b2, ¢2).

Finally, we consider the derivative with respect to the parameter a which appears in the numerator
of series (7) with combined index m + n or, alternatively, in a more cumbersome manner in expansion
(8). For this case, we use a different approach, based on the derivative of the Pochhammer symbol

d(@)pem N
St (@, (a4 1) = ()] = @) ;é — (11)

the second equality coming from a recurrence relation of the digamma function ¥ (Eq. (6.3.6) of
Ref. 50). Note that for n = m = 0, this derivative is obviously zero. It is convenient to split the sum
into two,

-1 n—1

d(a)n+m S 1 1

= . 12
—a = (@ p4m 1;:0 P ;;:o (12)
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The derivative of F»(a, by, ba, c1, ¢2; 21, z2) With respect to a can therefore be written as

d
Ta Fa(a,b1,by,c1,¢2;21,22)
a

=ii(a)n+mwi§m_l ! +2a ! (13a)

-0 (Cl)m(cz)n m! n! a+k

0 B B 51 (a)
= Z;) (C2)n n' ( )n+m+1 Z -

£ =5 €Dyt (m+1)! cga (a+ )y
& (D), zi” S (b2t B N1 (@
* r;) (cDm m! Z (c2)py1 (n+ 1)|( D ; a (a+ 1)m+k’ (13b)

where for the second equality, we shifted the index m (respectively, n), and we made use of relation
(10). Using then the rearrangement series technique (see, for example, Chap. 2 of Ref. 51)

o p o o0
> Btp)=" > Blk,p+k), (14)

we obtain two separate triple infinite summations

d
d_FZ(a7bl’b29cl?C2;Zl9Z2)

b1+ Dy (@) (b2), 31 41 3
=z Dipams 1), 2 L2 22 15
- kmzno(“ e DD @+ D "), Kl )

(o)

by b2+ Do (@ B, BB
+ 22— (a+1) (1) Dy 55—
o k;:o 2+ D@yt @ Dy (), KLl m]

Each of these triple summations can also be expressed as single series of 2®(11) functions.

B. Function F,

We now turn to the F; function which is defined as

by, (b)), 2" 2,
Fl(a’bl,bZ,C;Zl,ZZ)ZZ @msn(bVm(b2)y 21 _2'

lz1] <1, ]z2| < 1. (16)
() m!
As a series around the z; = 0 point, for fixed z,, one has
k
a), (b
Fi(a,b1,b2,c521,22) = Z( il ])k 2Fi(a+k,by,c+k; 22) —. 17

Using expression (2a), we immediately get

d
—F b1, bs, s
b 1(a, b1, b, c;21,22)

Z (a+ 1)k(b1)k %) ( L 1by, by +1,a+k+1

!
ol
(c+ D) ! by+112,c+k+1 ,Zz,zz) (18a)

k!

+1 by +1 D), (b x
=50 Y Ot e G2t Do O ) 215 2 (18b)
¢ & €+ Dismen @i (bry+ 1), k! m! n!

and a similar expression, for the derivative with respect to b; by interchanging (z;, b) with (z2, b>),
since F'i(a, by, by, c; 21, 22) = Fi(a, by, by, ¢; 22, 21).
For the derivative with respect to parameters a and ¢, we first use the identity
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Fy(a,by, by, c,a;21,22) = (1 — 22) ™2 Fy (bl,a = by, by, c;z1, ] le ) (19)
-2

from which
a\” 21
Fl(a,bl,bz,C;ZuZz):(Z—) F (bl +b2,a,b2,6,b1+b2;21,1—Z—)- (20)
2 2

Then, applying the expressions found previously for F, i.e., Eqs. (9a)—(9d), one easily finds

d
d—Fl(a ,bi1,b2,¢;21,20)
by
d

) da 2
_ (2 bzz bl+b22(b1+b2+1)k(b2)kl T ¢

L) @ Gi+b)e B\ o

1) 1 1|aa+1b1+b2+1+k

X 20| ( a+112,c+1 U 1o

by
21 b1 + b2 (a+ 1), (b2)
== 21 (b1+by+1)
(Zz) Z ) in(€ + Dy (b1 +B2)g

k.m,n

1 kogm o
S T SO R @lo)
(a+1), k! z2) m! n!
d
— Fi(a,b1,b2,¢;21,22)
dc
by
d
= (Z—l) —F (b1+b2,a,b2,c,b1+b2;Z1,1 —Z—l) (22a)
) dc 2
_ z_l)bzz b1+ b)a s i+ + Dyl 1(1_z_1)k
2) bi+byy, K\ 2
m( Llle,by+by+1+ka+1]
X 26 ( c+12.c+1 a2 (22b)
by
b1 +b 1 b
:_(1_1) Zl( 1+ z)a Z(b1+b2+1)k+m+n @+ 1) (b2)y
22 Fomn (2)m+n(c + ])m+n (bl + b2)k
k _m _n
(l)m(c)m <1 Z] Zl
- ——=. 22
(c+1)m()”k'( Zz) m! ! (22¢)
C. Function F3
Next, we consider the F'3 function which is defined as
ay),, (@), (b)), (), 2| 2
Frananbrbycizz =y @O GI 5D g @3
g (©)man m! n!
Using the series around the z; = 0 point, for fixed z,
k
ay); (b Z
F3(a1,a2,b1,b2,c;zl,z2)=Z MzFl(Gz,bz,C+k;Zz)—l, 24)
— (o k!

and following the same procedure [i.e., using result (2a)], we obtain
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d

—F3(ay,a2,b1,b2,¢;21,22)

day

bz Z (an)(b1)g Zl (1) 1, laz,ar + 1,02 + 1
(c+ 1) K’ ar+112,c+k+1

22, Zz) (25a)

b2 (612 + 1)m+n(b2 + 1)m+n (l)m(GZ)m le{ Z;n Zg
DT Y i e e GEE W 2L L )

Since a; and b, play a similar role in the definition of F'3, the derivative with respect to b, is
the same as the above by simply interchanging a, with b,. Moreover, since F3(ay, az, by, ba, c; 23,
22) = F3(az, a1, b2, b1, c; 22, 1), the derivative with respect to a; (and similarly to ) is given by
expressions (25a) or (25b), by interchanging (z;, a;, by) with (22, a», b).

For the derivative with respect to c, the calculation is different, as ¢ appears with an index m + n
in (23). In this case, we have

d 1 1 dOpm 1 [S& 1 +”" 1
de @Opem — [Opml®  de (O |[Sh etk Ectm+k]’

(26)

the second equality coming from (12). Proceeding similarly to the derivative of F, with respect to a,
one arrives to

d
d—F3(a1 ,az,b1,ba,¢;21,22)

_ a1b1 Z (Dy(a2),(b2), (D) (a1 + 1)y (b1 + 1)y 1

ok (c+ 1) ()" (¢ + Dynsk

m k n
4%
m! k! n!
arby

~ 2 D, @by

monk

(C)m+k (612 + l)n+k(b2 + 1)n+k 1
( + 1)m+k (2)n+k (C + 1)m+n+k

45y
x LA 27)

which may be written, equivalently, as two single summations of 2®(11) functions.

D. Function F,

Finally, the Appell function F4 is defined as

b S
F4(a,b,cl,cZ;Z1,zZ)=ZM1 2 IVal+ Wzl <L (28)

| !’
L4 (eD)lc2), m! nl

Alternatively, as a series around the z; = 0 point, for fixed z,, one has

(a>k<b>k 2
Fi(a,b,c1,¢2;21,22) = Z JFila+k,b+k, cp; Zz)—- (29)

Applying result (2b), one immediately ﬁnds

d
—Fy4(a,b,c1,c2;21,22)
dey

+ (b + 1) &
=—Z2—Z(a )k( )k ‘1 ®(1)(1,1|C2,a+k+l,b+k+l

322, Z2) (30a)

(i k! o+ 12,0+ 1
1 1
= -2 — 1 b+1
ZZ % k;n (a+ )k+m+l’l( + )k+m+n (2)m+n(02 " 1)m+n (Cl)k

(Cz+1)m k! m! n!
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and a similar expression for the derivative with respect to ¢; can be obtained by interchanging (zj,
c1) with (22, ¢2), since Fa(a, b, c1, c2; 21, 22) = Fa(a, b, ¢2, c1; 22, 21).

For the derivative with respect to a (and similarly with respect to b, by permutation), the calcu-
lation is longer, as a appears with an index m + n in (28). We can proceed similarly to the derivative
with respect to a of function F», and we end up again with two triple infinite summations.

E. Function @,

The confluent hypergeometric series ®@; has the following alternative representations

a b Zm Zn
(Dl(a,b,C;Zl,Zz)ZZM—I'—Z', lz1] <1 (31a)
o ©)ppan  m! n!

:Zij;”—zFl(a+nbc+n z1). (31b)

The derivative with respect to the b parameter is given by the direct application of formula (2a) and

reads

d
d—b®1(a b,c;z1,22)

Z(a+1)n22 o LUb,b+1l,a+n+1
(c+1),n! ©) b+112,c+n+1

;Z1,21) (32a)

= 7 E Z (a + 1)k+m+n (b + 1)m+k (1)m(b)m ( )k Z_l Z_l Z_Z (32b)
¢ & e Damen @ 01, K ml nl’

The case of the derivative with respect to a is similar to that of the derivative with respect to the
first parameter of the Appell F, function, while the situation with parameter c is similar to the one
found with the fifth parameter of the Appell F3 function. Thus they can be calculated, proceeding as
described in those two cases, and the results are

d
—®q(a,b,c;21,22)
da
m Jk n

= é Z (1)m(1)k(a)k (b+ l)m+k (a+ l)m+n+k Zl Z1 ZZ
- (d + 1)k (2)m+k (C + 1)m+n+k m' k' I’l'

k n
(a)m+k 1 (CZ + 1)m+n+k ZT Z2 ZZ
+22- (£)(1),,(1) (33)
’ r;k k( + Dk @Dk (€ + Dk ml k! n!’
d
d—®1(a, b,c;z1,22)
- 1_ Z (D@ 0+ Dy @+ Dy 4 21 3
(c+ 1)y Qe €+ Dyyypye m! k! n!
k _n
a (C)m+k I (a+ 1)m+n+k Zrln ZZ ZZ
-2 b),,(1),(1 34
2 n%]k( (DD o e (34)
each triple summation being equivalent to a single summation of 2@)(11) functions.
F. Function @,
The confluent hypergeometric series ®, has the following alternative representations
(@b 21 %
Oy(a,b,c;21,22)= ) ———— — = 35
»(a, b, c;21,22) ; (C)m+n ool (35a)
=Z @y 1 1F1(b c+m;22). (35b)



073504-9 Ancarani, Del Punta, and Gasaneo J. Math. Phys. 58, 073504 (2017)

The derivative with respect to the b parameter is given by the direct application of formula (5b) and
reads

d
—®y(a,b,c;21,22)

db
. @, & o Llbb+l
e Lier )y, m! b+12cm+1| 2% (360
| 1L o+, D0, A DD
_ 1 N Lah 36b
Z2c2<c+1>k+m+n D "G4, Pl T oo

As a consequence of the symmetry Dy(a,b,c;z1,22) =Da(b,a, c;22,21), the derivative of @,
with respect to a can be obtained by simply interchanging (z;, a) with (z2, b) in the previous
formula.

For the derivative with respect to ¢, we repeat the procedure used to calculate %F 3 to obtain

d
—®(a,b,c;z1,22)

dc
=—z i Z (1)m(b)n(l)k(c)k (a+ 1)m+k 1 ﬁiﬁ
& Tk (c+ 1) Der €+ Dypgnar m k! 0!

m Sk _n
_ZZ_ Z (a)m(l)n(l)k (C)m+k (b+1)n+k 1 Z_IZ_ZZ_Z (37)

( + 1)m+k (2)n+k (C + 1)m+r1+k m! k! n!

m,nk

G. Function ¥,

For the confluent hypergeometric series V1, one has the equivalent series expressions

) O @an(D)y 3D
\Pl(a’b’cl’cz’Z"ZZ)_ZMﬁE’ lz1] <1 (38a)

b
_Z (“()le() In ;1 (Fi(a+m,c2;20) (38b)
=Z ((C"z))" 2 Fi(a+n.b,ci). (38¢)

For the derivative with respect to parameter ¢, we can use the series representation in terms of
confluent hypergeometric functions (38b) and apply directly formula (5b) to get

+ D@ 21 o1 ( L1z, a+m+1

d a (a
_\P 3b’ s 5 s =—D—
dcs 1@ by e, 221, 22) ZZC% zm: (c)m m! o+ 112,00+ 1

;Zz,zz). (39)

For derivatives with respect to b (respectively, 1), it is more convenient to start from series (38c¢);
by applying directly (2a) [respectively, (2b)], we get

d (a+l)mz2 o L1b,b+1,a+m+1

-7 b 4 ’ - 531, 5 40
dp b en e n) = Z e m12! ST R R
d (a+1)mz2 o L 1llci,a+m+1,b+1
—Yi(a,b,c1, 02521, 21— cznzn ). (4l
@ 1(a,b,cr,c2321,22) = 21 Z . 0, el 41 zi,21). (4D
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The derivative with respect to a can be calculated similarly to the derivative with respect to the
first parameter of the F', function. The result reads

d
—WYi(a,b,c1,c2;21,22)

da
m Jk _n
_ b DM@ B+ Dk L%
=2 ( +1)m+n+k ml k!
€1 ok ()pla+ g 2)parler + Vi k n:
m Jk _n
(D) (DD (@), 1 5%
— > kot @+ Dy —7 252 (42)
(Cl)m (a+ l)m+k (2)n+k(62 + 1)n+k k! n!
H. Function =,
For the confluent hypergeometric series =1, one has the equivalent series expressions
ap),(a2),(b),, 21" 2
El(al,az,b,c;m,m:ZM—‘,—2,, il <1 (430
o (man m: n.
b
=3 C e 4 Py miz) (430)
z
=) o (“2)" 2 Fi(ar,b,c+n;z1). (43c)
(c), n!
The derivative with respect to a; is, once more, easily deduced from formula (2a) and reads
d _ . b (@), % (L 1la,a+1,b+1]
Eul(m,az,b,c,m,zz)—mz 4 Criyn a+12ctntl [P0 (44)

The derivative with respect to b is obtained by interchanging a; with b in the last formula as a
consequence of the symmetry that the Gaussian hypergeometric functions satisfy. On the other hand,
by applying (5a), for the parameter a,, one finds

d (@) (D) Zl M L lag,aa+1 |,
d_‘—‘l(a17a29b CZ17Z2) 22 _Z (C+1) @ a2+1|2,C+m+] 322,22 - (45)
For the derivative with respect to ¢, we proceed similarly to 4 0 obtain
d
d—:l(al,az,b,C;ZuZz)
c
L D (D@ (D) (@1 + Db+ Dy 1 F'5 7
c? ey (c+ 1), )ik (¢ + Dypypese m! k! 1!
Omek_ @+ Dy 1 575
- Zz— (@) (D) (1), (1) — == (46)
,;k e k( + Dyt Dnake (€ + Dy mL k! 0!

lll. nTH DERIVATIVES, MIXED DERIVATIVES, AND OTHER PROPERTIES
A. nth derivatives

Similarly to the case of the first derivatives of the Gaussian hypergeometric function , F; for which
we introduced a two-variable 2®(11) function, for the nth derivatives, it is convenient to introduce a
hypergeometric function in n + 1 variables*?
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;Z],~--,Zn+l)

= > (bl)m (bZ)m m (b l)m Mo+ -+
= 2 D @y @y - (e, — S

(cl)ml(CZ)ml+m2 B (Cn)m1+m2+w+mn

alaa27'"9an+1|b1’b2»""bn+2
c . cnldyda

m=0 My41=0
my _ny Myt
(bn+2)m1+m2+ 4] Z] Zz coC Zn+1 (47)
b
(dl)m1+m2+ s @Dyttt MY My !

which follow some recurrence relations and possess alternative series representations*> which may
be of use in certain cases. In terms of these functions (which are also Kampé de Fériet func-
tions*?), the nth derivatives of the Gaussian hypergeometric function with respect to the parameters
read

dr b), 1,1,...,1la,a+1,...,a+n,b+n
2F1(a,b,c;z)=gz"2 (1”) 32 s 2], (48a)
da" (), a+1l,...,a+nln+1,c+n
n n! ab 1,1,...,1]c,c,...,c,a+ 1,b+1
2F1(a,b,c;2)=(=1)"— —z,0" A (48b)
dc" c"* ¢ c+1,...,c+1]2,c+1

Obviously, the nth derivative with respect to the b parameter can be obtained from (48a) simply by
interchanging a and b. Note that in these nth derivatives, the same variable z appears n + 1 times.

Applying the same procedure as described in Sec. II, the nth derivatives of the Appell functions
with respect to their parameters are given by n + 2 infinite summations. In most cases, they can be
obtained straightforwardly and expressed as a single sum of these 2®(1") functions [for the derivatives
of F (respectively, F3 or F4) with respect to a (respectively, ¢ or a), the generalization of the results
to nth order is not as compact]. For example, from (17), one immediately finds

n
——Fi(a,by,b2,¢;21,22)

v
_ @, Z(a+n>k<b1>k Z
2 (¢), (c+n)y k!
n) 1,1,...,1|b2,b2+1,...,b2+n,a+k+n i
x2®1( byt 1, .by+nln+lctk+n |22 “9)

For the b parameter, a simple symmetry relation can be invoked. To obtain the nth derivative of F
with respect to a or ¢, it is convenient to use relation (20) and the series representation (8). Thus we

have
n

Fl(a b1,b2,¢;21,22)

( ) - <b2>k<b1+b2>n+k(1_z_1)"

O, 24 (b1 + by k! o
w( L1,....1laa+1,...,a+n,bi+by+k+n|,
XZ@‘ ( a+1,...,a+nln+1,c+n S A K (50)

n

o 1(@ yb1,b2,¢;21,22)

:(z_l) 1 'a(b1+b2) (bz)p(b1+b2+1)p(1_z_1)”
2

et o (b4 Do)y p! 2

0] 1,1,....1lc,c,...,c,b1 +by+p+1,a+1
2= c+l,...,c+1]2,c+1

;Z1,..-,Z1). 51)

For confluent Horn functions, the generalization depends on which parameter one is considering.
When series expressions in terms of Gaussian hypergeometric functions appear, one proceeds simi-
larly to the Appell situations; in most cases, the result is expressed as a single sum of 2®(l”) functions.
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On the other hand, when expressions in terms of confluent hypergeometric functions appear, one
needs the nth derivatives®*

Z
Fi(a,b;z)=—— 0"
T ! 1(a,b;z) o),

n

d" n < L1,...,1a,a+1,.,a+n

;? 9 b 523
a+1l,a+2,...,a+n|ln+1,b+n Lt Z) (522)

n!
Fi(a,b;2)=(-1)"- 7z
1F1(a,b;2)=(=1) N b+1,b+1,...,b+1[2,b+1

a L1,...,1|b,b,...,bya+1
db" b b

;Z,z,...,z), (52b)

where the @™ function is defined by

ai,az, ..., aue1l b1, .. buyy
@(l’l) ;leZ2a-'5 Zn+1 (53)
Cly. .. Culdr,dy
) ) my _my Myl
_ Z Z Zl ZZ "'Zn+l
150 - .. !
my=0 My =0 nmip.my. My4q-

@D, @iy + -+ @Dy Py (D2 4y -+ + - Bt Dy my+- -ty

(C] )ml (c2)ml+m2 e (Cn)m1+m2+~~~+m,, (dl )m1+m2+~~~+m,,+1 (dZ)m|+m2+~~~+mn+1

(Similarly to the functions 2(9)(]"), O are Kampé de Fériet functions with recurrence relations and
alternative series representations.>*) For example, starting from series (35b), the nth derivative with
respect to b of the confluent Horn function ®,(a, b, c; 71, z2) reads

dn , @n &' 5
dbn‘l’z(a,b,c,m,zz):; —

() m! (c+m),

% @ 1,1,...,1|b,b+1,.,b+n
b+1,b+2,....b+nln+1l,c+m+n

;Zz,Zz,n,Zz), (54)

where the same variable z, appears 7 + 1 times in the @™ function.

For length purposes, we do not provide all nth derivatives explicitly. However, it is clear that
expressing Horn functions as single series of Gaussian or confluent hypergeometric functions, the
results, (48a) and (48b) or (52a) and (52b), can be applied straightforwardly.

B. Other representations and properties

Most of the derivatives of the eight Horn functions considered in Sec. II have been expressed in
terms of the functions 2®(11) or 1, with two equal variables z; = z5. Such functions have a number of
properties such as series and integral representations, and contiguous relations.>*#> A deeper study on
functions ®" and 2@)(11) and their generalizations (including the system of differential equations they
satisfy, the holonomic rank and the locus of singularities) should be the subject of future investigations.

As it will be useful in the subsection on mixed derivatives, we provide here alternative series
representations of the 2®(11) function,*?

ai, az| by, by, b3
29 C]ldl,dZ 1,22
B i (@), BV, (B2, (B3, 2}

D dD) ) i F>(az, by +my, by +my,dy +my,dy +my;22)
m my my .

m1:0

3 (a2)ny (02) 0, (B3, 25
= Z (Zj) (;Z) m2m2—2,4F3 (a1,b1,b2 + mp, b3y + mo, c1,dy + my,dr +mp;z1).
my=0 my my '
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Thus the derivatives of Horn functions with respect to the parameters can be written in alternative
forms which may result to be more practical. For example, for the | function, we have

@+ D, (DuB) 3 37

d
— Fi(a,by, by, c;71, b L 55
;. Fl@bibczz)=a Z( D e (55a)
XsFh(1,b1+1+ma+1+k+m,2+m,c+1+k+m;zp)
(a+ 1)k+m (1),,(b1 + 1), 25 2
= 2L 55b
= Z( A D T 2 Rl 430

X 4F3(1,b1,b1+1+ma+1+k+m,by+1,2+m,c+1+k+m;zy).

It is also possible to express such derivatives in terms of Gaussian hypergeometric functions

+ 1)m+n(bl + 1)m+n (bl)m Zm+n
(c+ 1)m+n(2)m+n (bl + 1)m :

X 2Fi(by,a+1+m+n,c+1+m+n;z), (56)

d (a
%Fl(a ,bi,ba,c521,22) =21 — mZ;

a result that shall be used in Subsection III C.

One more remark. In some subcases, one may easily recover previously published results. As
an example, consider the derivative with respect to a of the F; function in the case z; = z2; by
inspection of result (21b), only the k = 0 term survives in the summation and the derivative is given
as a single 2@)(11) function. At the same time, the Appell function F'; is known to reduce to a Gaussian
hypergeometric function, Fi(a, b1, by, c; 21, 21) = 2F1(a, b1 + ba, c¢; z1), so that the derivative
%Fl (a,bi,by,c;21,21) = % 2F1(a, by + by, c;zy) is also directly provided by (2a) as published in
Ref. 42. The results obviously coincide.

C. Mixed derivatives

Let us now provide some mixed derivatives, that is to say derivatives with respect to two or
more parameters at the same time. To illustrate the procedure, we start from the alternative series
representations (56) for the derivative diblF 1. From it, together with relation (2a), one can easily

deduce a result for the mixed derivative ﬁF 1, in terms of a double infinite summation of 2®(11)
functions

2

a@+1) < @+2)n®1+ Dypen (01
F ’b ’b b ; b = . e
Gbiab, | (O PRI R AR G Z €+ Dpin@pen Gr+ 1) !

o L1|by,by+1l,a+2+m+n
: by+112,c+2+m+n

;Zz,Zz), &)

or, alternatively, a quadruple infinite summation.

Let us now go further and consider the nth derivative (49) with respect to b>. Making use of the
series representation (47), algebraic manipulations allow one to perform the summation over k and
obtain

n

d
,,Fl(a by, bz,C 21, Z2)

b}
(@), (a+ n)fl+gz+...+,g "
> Wy (g, :
2 (©n Z % : "(n+ 1)€|+t’2+~~~+{fn+1 (c+ n)[1+£2+---+€,,+1
(b2)e, (b2 + Dy - - (D2 + Wpatyr by £ 22”+I
(ba+ D (b2 + gty - D2+ MWgipyr vt €11 Lus!

XoF1 (b1,a+n+Ci+6+...+ 6, c+n+li+Co+... +Cp1;21). (58)
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Since the b parameter appears now only in »F|, we may apply directly formula (48a) and obtain

m+n
—F 9b 3b , C; 5
v o, 1(a, by, b2, ¢;21,22)
(@)man (a+m+n)f1+f2+'"+€ 1
=g g min gy - (g, n
2 (©mn ZI: ; : " (n+ ])€|+t’2+---+€n+1 (c+m+ n)f1+t’2+...+[n+1
N N RV
(b2 + 1)(1 (bz + 2)(1+{)2 ce (bz + n)€l+[2+'__+[n f] ’ €n+1!
m) 1 bi,bi+ 1, .., bi+mya+m+n+€+0+ -+ €4
@ ( b1 +1,...,b +m|m+1,c+m+n+£’1 + 0+ -+ 122, n 22 (59)

The same procedure can be applied to easily find compact results for mixed derivatives of any order
n and m with respect to (b1, by), (c1, ¢2), (b1, ¢2), and (b2, c1) for function F»; to (a1, az),(a, by),
(as, by), and (b, by) for function F'3; and to (¢, ¢;) for function Fjy.

The same thing can be done, for example, with the function ®;, and its mixed derivatives with
respect to a and b. From (54), using the series representation (53) and performing the sum over m,

we find
n

d
db"

g LYy D+ D
2 (©n 7 o (n+ Dttty (€ FMpityhett,n,

Dy(a,b,c;z1,22)

4 (on
B)e,(b+ Vg, - - b+ M) ty4. bty Zzl 2 :
b+ 1)51 b+ 2){’1+£’2 O+ n)l’1+£’2+m+€,, Ol la!
X 1Fia,c+n+€i+€y+--+€p1521). (60)

Thus using (52a), we obtain

(9111+l’l

W(DZ(CZ, b, Cc371, ZZ)

_Zm Zn z (Dfl (1)€
1 %2
(c)m+n 7 (n + 1)€1+€2+ Al (c+m+ n)€1+t’2+---+[”+1

4 &y
(b)t’l b+ 1)€1+£’2 cee (b + n)[’1+€2+...+€,,+1 Zzl <y !

b+ D0+ 2gya, - b+ Mpipyrene, 011 Cunt!

% @™ 1,....1la,a+1,...,a+m
a+1,...,a+mlm+1l,c+m+n+li+l+---+{

;m,...,m). 61)

The same procedure can be applied to easily find results for mixed derivatives of any order with
respect to (cy, ¢3) and (b, c;) for function ¥y, and to (ai, a») and (az, b) for function Z;.

D. Extensions

We have studied in detail the derivatives of 8 of the 34 two-variables Horn functions (listed, e.g.,
in Sec. 1.3 of Ref. 1). For many of them, the study of the derivative with respect to parameters can
be performed following the procedures indicated in Sec. II. The starting point consists in expressing,
when possible, such functions as a sum of one variable hypergeometric functions ,F,, and then
apply the expressions presented in Refs. 34, 42, and 43 for the derivatives with respect to their
parameters.

Without being exhaustive, for example, for the derivative of function H4 with respect to the
second (), third (y), or fourth (§) parameters, we could easily find expressions in terms of a single
sum of 2@)(11) functions. For the function Gy, which presents Pochhammer symbols with index n — m,
the situation is slightly trickier. We could find, however, a closed form for the derivative with respect
to the second (B) or third (B”) parameters in terms of two sums of 3®(21) functions; the same can be
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said for function G, with respect to the third (8) or fourth (8’) parameters. Other functions, such
as G or Hg, present Pochhammer symbols with more intricate summation indices such as 2m — n.
These difficult cases will be investigated and presented in a future work.

IV. APPLICATION

Among the many possible applications of the results presented above, we would like to briefly
discuss one that is related to collision problems, namely, autoionization of atoms*® when the decay
occurs as part of a post-collisional process; incidentally, the considered application is also closely
connected to the theory of many-variable hypergeometric functions.

Let us consider the situation where a heavy charged ion, e.g., He?*, collides with a simple
molecule, say Hy. As a result of the collision, both molecular electrons are captured by the projectile
to form a doubly excited state He**. After a given time, an atomic transition occurs whereby one
of the electrons is emitted to the continuum while the other decays to the ground state of He*; this
autoionization process is schematized by He** — He* + ¢”. The emitted electron interacts with three
charged particles (the two molecular nuclei and the projectile, now singly ionized, He*). It moves
away from the system with velocity v relative to the target, and velocities v; and v, relative to each of
the H;*’ nuclei, which we shall label 1 (charge Z) and 2 (charge Z,). The two Sommerfeld parameters
defined as 17y = Z; /v; and 1, = Z, /v, measure the strength of the Coulomb interaction.

The probability for this autoionization process to occur is an extension of the transition amplitude
corresponding to ion-atom considered in Refs. 52-54,

A=—i / (Ff | V| i€ gy (62)
0

Here E=E - Ep+i g, where Eg = ¢&; — & + A, &; and & are the initial and final energies of the atom
and I is the life-time of the autoionizing state (A is a correction of the energy due to the interaction
between the atom and the molecule); E is the final energy of the system and includes part of the energy
exchanged by the projectile with the molecule. The matrix element (¥y | V | ;) gives the transition
amplitude related to the decay:*° ¥, is the doubly excited state He**, and V is the interaction potential.
In the final state, one of the electrons is bound in the ground state He*, and the other moves in the
presence of both the atomic nucleus and the two centers of the ionized molecule. This continuum
state can be represented as follows:

P =P (r) D (r, vit,vat), (63)
where the continuum wave function ¥~ (r) of the emitted electron (here taken with incoming
behaviour) is distorted by the presence of the molecular nuclei; mathematically, this is expressed
by a distortion factor D(r, vit,v»t) where the classical approximation r; = v;¢ (i = 1, 2) is consid-
ered. Since the integrand is strongly confined to the vicinity of the target nuclei (localization of the
ground state), the matrix element can be simplified by means of a peaking approximation, namely,

P VI =Y | VI¥)D™(Vit, v21). (64)

The resulting transition amplitude A reads
A=—-iA / D™ (vyt, Vo)t il gy (65)
0

where Ag =¥~ |V |¥)).

Different approaches for the distortion factor D™(v;#, vaf) can be considered. One of them is
the simple, uncorrelated, product of two Coulomb distortion factors.’? Martinez and co-workers®®
used the @, model introduced in the context of ion-atom collisions*”*® to include correlation. In the
process we are considering here, the distortion factor is built using the ®, model; it can be understood
as a sum of products of Coulomb functions, corresponding to the Sommerfeld parameters ' =Z; /v’
and "’ =Z,/v”" where v’ and v"" are the relative electron-ion velocities with respect to each nuclei.
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It reads
D~ (vit,vat) =T (1 +in’ +in") 21 *1" i % d,, (vit)d,, (va1), (66)
m=0 N mi om
where
d, (vity=[=ix;1" 1Fy [—in’ +m, 1 +2m; —ix| ], (67a)
d, (vot)=[=ix2]™ 1Fy [=in” +m, 1 +2m; —ix, ], (67b)

where x; and x; depend on a combination of the velocities v’,v”’, vy, vy and . Omitting further
intermediate steps, one finds that the amplitude A can be expressed in terms of a F'; function

A(Z\,2y)=A(Z\,Z,)F(a, by, by, c; 21, 22), (63)
where
a=1+in; +iny, (69a)
by =in’, (69b)
by =in", (69¢)
c=1, (694d)

and the purely imaginary variables z; and zp depend on all velocities involved. The coefficient
A(Z,,7,) is given by

A(Z1,Z2) = —iAoT(@)T(1 + by + by)e™ 12 [—jg]2. (70)

Contrary to a simple product of Coulomb functions, the @, approach correlates the interaction
of the electron with both centers in a non-separable way. The autoionization probability is then
representing the emission of the electron with the full interaction with the charged centers. It is then
interesting to analyze the effect of the interaction with, separately, each of them. The quantity A(Z1,
Z> = 0) provides the full interaction of the electron with Z; indeed, in this case, the @, distortion
factor reduces to a single Coulomb distortion. Similarly, A(Z; = 0, Z,) includes the full interaction
but with the other center. Including the correlation to first order, we have

A(Z1,2)=A(Z1=0,2p) + A(Z1,2,=0)

dA(Zy,Z dA(Zy,Z
+7 (Z1,2,) ‘7 (Z1,2»)

(71)
dz; 7,20 dz,

Z>=0

In a first Born-like expansion for the autoionization process, the first derivative j—g|z 0 stands for
=
the full interaction with the center Z; after interacting once with the other (Z,). It is given by

dA dA(Zy,Z,) L., dFi(a,b1,bs,c;21,22)
— =— 2F1(1+iny,in’, 1521) + A(Z1, 0)

dz, Z,=0 dz, Z,-0 dz,
where, in the first term, the Appell function reduces to ,F;. Of course, a similar expression results
when considering the full interaction with Z, after interacting once with Z;. The derivative of the
Appell function with respect to Z; is further complicated because it involves the derivative with
respect to both a and b;

dFi(a, by, by, c;z1,22)
dz,

, (72)
Z,=0

_ i dFi(a,b1,by,c;21,22)

N i dFi(a,bi,bs,c;21,22)
Z=0 02 da

(73)
Z=0 U ” db,

7=0
However, using the results presented above [specifically, Eqs. (21b) and (18b)], a closed form
expression in terms of multivariable hypergeometric functions results

;Z],Zl)

_ Z]n’ @(1)(1,1|a,c~l+1,b1+1
;22,21), (74)

d
_F a,b ’b ,C321,2 -
A 1(a,b1,by,¢;21,22) 0 20 a+1]2.2

a Lby|l,a+1,-
iaZz ®(1) 1
2|2,—-

Z>=0

U//21
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where @ =1 +in;.

The result given in Eq. (71) differs substantially from the one that would come from the use a
distortion factor D™ (v 1, vat) given by a simple product of two Coulomb functions. With the present
@, approach, the first order allows for an interference between the electron scattering by each of
the molecular nuclei individually. Indeed, when calculating the square modulus of the amplitude, an
interference arises from the cross product involving the first derivatives of Eq. (73), both of which
can be easily obtained with the formulas provided in Sec. II. Higher orders in powers of Z; and Z,
can be included in expansion (71), summing one by one the interactions between the electron and the
charged centers of the residual molecule. Such a construction, or the aforementioned interference,
is not possible with a distortion factor represented by a simple product of Coulomb factors. The
physics associated with the included Coulomb interaction is contained in the coefficients of the
Taylor expansion (71). The latter are given by derivatives of the Appell function F ', that is to say—as
shown in the present contribution—in terms of the 2®(1”) functions.

V. SUMMARY

We have studied the derivatives to any order n, with respect to their parameters, of eight Horn
hypergeometric functions. They can be written as n + 2 infinite summations. The following systematic
approach results to be rather practical. One first expresses Horn functions in terms of single series
of one-variable Gaussian or confluent hypergeometric functions. Then, one makes use of compact
expressions obtained previously with a differential equation approach,**#? for their nth derivatives
with respect to parameters. For the considered 8 Horn functions, and for most parameters, the nth
derivatives can be easily written as single sums of generalizations of multivariable Kampé de Fériet
functions, noted as 2(9(1") or @,

The methodology presented in this contribution can be extended—in the same systematic way—
to the study of the derivative with respect to their parameters of other two-variable, or three-variable,
hypergeometric functions. The starting point consists in expressing such series as a sum of F
(possibly 1 F'y, or even ,F,) functions, and then apply the expressions presented in Refs. 34, 42, and
43 for the derivatives with respect to their parameters of these one-variable hypergeometric functions.
We have mentioned how the methodology can be applied, for example, to other Horn functions, such
as G1, G,, and Hy; for other ones, such as G3, intricate summation indices are difficult to treat in a
similar way and need a thorough investigation.

With a study of autoionization of atoms, we have provided a physical illustration in which the
successive derivatives of an F'; function with respect to the first and third parameters appear in a
Born-like expansion. The Coulomb interaction of the emitted electron with nuclear charges is built
up, step by step, through the expansion coefficients; the latter are obtained from the Appell derivatives
evaluated at zero nuclear charges. Such an approach finally provides the interference occurring as a
consequence of the scattering of the emitted electron with each individual nucleus.

Besides this application, the mathematical results presented here should be useful in a wide
range of physical and mathematical problems in which one or several parameters of two-variable
Horn functions play a particular role.
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