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The Lauricella hypergeometric function FL(,N),

S.I. Bezrodnykh

Abstract. The problem of analytic continuation is considered for the Lau-
ricella function F' gv)j a generalized hypergeometric functions of N complex
variables. For an arbitrary N a complete set of formulae is given for its
analytic continuation outside the boundary of the unit polydisk, where it
is defined originally by an N-variate hypergeometric series. Such formulae
represent F’ l(jN) in suitable subdomains of CV in terms of other generalized
hypergeometric series, which solve the same system of partial differential
equations as FL()N). These hypergeometric series are the N-dimensional ana-
logue of Kummer’s solutions in the theory of Gauss’s classical hypergeomet-
ric equation. The use of this function in the theory of the Riemann—Hilbert
problem and its applications to the Schwarz—Christoffel parameter problem
and problems in plasma physics are also discussed.
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1. Introduction

1.1. The Lauricella function FéN). Hypergeometric functions of two or more
variables arise in many areas of modern mathematics, and they enable one to solve
constructively many topical problems important for theory and applications. The
basis for the theory of such functions was laid in [1]-[6] at the end of the 19th cen-
tury, and it was further developed by a number of well-known authors (for instance,
see the original papers and monographs [7]-[29]). We should note the significant
progress made in the general theory of hypergeometric functions of several vari-
ables. Particular functions in this class that are interesting in their own right have
also traditionally been objects of great attention.

In this paper we consider the function FEN)(al, ..,an; by ¢ z1,. .., zy) intro-
duced by Lauricella [6] (see also [13], [23], [27]) as one of the most natural general-
izations of the Gauss hypergeometric function F'(a, b; ¢; z) to the case of N complex
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variables (21,...,zy) =: z € CV and complex parameters (ay,...,ay) =:a € CV,
b, and c. Recall that the Gauss function (of a single complex variable z) is defined
by the series

F(a,b;c;2) Z L(L kk' k (1.1)

k=0

which converges in the unit disk U := {z € C: |z| < 1}. Outside U this function is
an analytic continuation of (1.1). Here the expression (a)g, called the Pochhammer
symbol, is defined in terms of the gamma function I'(s) by

F(a—&-k)'

(@)= —Fr (1.2)

For an integer k£ > 0 it is a product of the form
(a)o=1, (a)p=ala+1)---(a+k-1), k=1,2,....

It is assumed in (1.1) that the parameters a, b, and ¢ can take arbitrary complex
values, with the exception that ¢ cannot be a non-positive integer (c ¢ Z™).
The function F(a,b;c; z) is a solution u(z) of Gauss’s equation

2(1—2)u"(2) + [c — (a+ b+ 1)2]u/(2) — abu(z) = 0, (1.3)

which is holomorphic at z = 0. This is an equation of Fuchs class with three
(regular) singular points z = 0, 1, and co. There is a detailed presentation of the
theory of the Gauss function and equation (1.3) in [30] and [31].

The Lauricella function, which we denote by F' I(DN) (a; b, ¢; z) for brevity, is defined
for ¢ ¢ Z~ by the N-variate hypergeometric series

O (@), @8k gy

(N) (o by o) o ..
Fp(asb, ¢;z) = (Ol oy 1 N s

|k|=0

(1.4)

which converges in the unit polydisk UN := {z € CM: |2;| < 1, j=1,...,N}. The

sum in (1.4) is taken over the multi-indices k := (k1,...,kn) with non-negative
integer components k; > 0, j =1,..., N, and we define |k| := Z;yzl k;.

The function Fl()N) satisfies the following system of N linear partial differential
equations of second order with respect to the variables z; (see [6], and also [13], [23],
[27]):

0%u / 0%u
Zj(l_Zj)m +(1_ZJ')Z 2
j

0 .
+[c—(1+aj+b)zj]—g—ajz zk—i—ajbuzo, j=1,...,N, (1.5)

where a prime on a summation sign means that the sum is taken for k # j, and
the parameters a, b, and ¢ appear in the expressions for the coefficients of these
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equations. It is known [6], [13] that the general solution of (1.5) depends only on
N + 1 arbitrary complex constants, so the system is overdetermined. For short

we will occasionally denote the Lauricella system of equations (1.5) by Egv). Its
singular set . is the union of the hyperplanes

e//lj(T) ={z¢€ c. zj =T},

where 7 € . := {0,1,00}, and the hyperplanes .#;; := {z € TV z; = z}; here
j, l=1,...,N, 1 +# j, and the extended space @N is defined by @N =Cx---xC
(N factors).

Points in the singular set .# that lie in the intersection of two or more of the
above hyperplanes will be important in what follows. We let

Zl(iéOO’O) ::(1""715005"-50070;-..’0)
———— ——— ——
p q N—p—q

be the point in the singular set with the first p components equal to 1, the next
q components equal to oo, and the remaining N — p — ¢ components equal to 0.
Furthermore, we let

Z(1,0) . Z(l(,)oo,o) =(1,...,1,0,...,0)

p D,

P N—p
and
Zgoo’o) = 28170070) = (007 L) 00307 co ’0)
»q
—_—— ——
q N-q

Finally, let z(") := (1,...,1) and z(®) := (00,...,00) denote the points in ///J»(T)
with all N components z; equal to 1 or oo, respectively. Note that, for exam-

(1,0)

ple, z lies in the intersection of the hyperplanes ,///j(l) and ;, for j,l =1,...,p,

and of the hyperplanes ///j(o) and #;, for jl =p+1,...,N, where | # j. In

turn, z(") lies in the intersection of the hyperplanes ///j(l) forj=1,...,N, and in
the intersection of all the hyperplanes .#;; for j,l =1,..., N, where | # j.

If we look at the system (1.5) assuming that the function u(z) in question is
independent of zs, ..., zny and we set the corresponding parameters as, .. ., ay equal
to 0, then the system reduces to Gauss’s hypergeometric equation. This is in
full agreement with the observation that in the case of one variable (that is, for
N =1) the Lauricella series (1.4) becomes the hypergeometric series for the Gauss
function. We note also that in the case of two variables (for N = 2) the generalized
hypergeometric series (1.4) has a special name, the Appell function, and is denoted
by Fi(a,a’;b,c; 2z, ¢) (see [7], [30]).

We also present the integral representation ([13], p. 49),

I'(c) P11 — g)ett

Y ajb,c;z) =
b ) L®)I'(c—b) Jy Hj,vzl(l—tzj)%
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which holds in the domain
LY :={z e C": |arg(1 — z;)| <7, j=1,...,N},

where the right-hand side of (1.6) is a single-valued function, and it is assumed
there that Reb > 0 and Re(c—b) > 0. In the case of one variable, the denominator
of the integrand in (1.6) contains a single factor and (1.6) transforms into Euler’s
well-known formula for the Gauss function (see [30], [31]).

Introduced as a formal generalization of (1.1), the Lauricella function Fl(jN)
became one of the most commonly used representatives of the class of multivariate
hypergeometric functions. The many papers devoted to investigating it (or its spe-
cial cases for particular N or sets of parameters; see [10], [11], [13], [17], [23], [32],
and others) have revealed its deep connections with algebra and partial differential
equations. The interest in F j(DN) has also been stimulated by the numerous and
diverse applications it has found. These applications include problems in astro-
physics [33], quantum field theory [34], [35], relativistic mechanics [36], relativity
theory [37], [38], as well as some problems in information transmission theory [39],
probability theory and mathematical statistics [13], [40]-[42], modelling Brownian
motion [43], string theory [44] and conformal field theory [45]-[47], calculation of
Feynman diagrams [48]-[51], and the mechanics of deformable bodies [52].
remark that many of the above applications are connected with the integral rep-
resentation (1.6). It is easy to see that hyperelliptic integrals can be expressed in
terms of the function Fg\’) with half-integer parameters a = (ay,...,an), b, and c.
Thus, the Lauricella function gives us yet another tool (in addition to multidimen-
sional ©-series [53]) for the study of such integrals. As concerns calculations of
hyperelliptic integrals using F,(JN), see [54]-[56].

Let us now discuss the contents of our paper, where analytic continuation of
the series (1.4) is one of the central questions. For the extended function we shall
use the same notation F é,N)(a; b,c;z). We start with an integral representation of
Mellin—Barnes type [7], [13]:

I'(c)

(2mi)NT(b) T2, T(ay)

x/ ii:ﬁ' (HFaJ—i-t ) (2 )tﬂ')dt, (1.7)

where t = (t1,...,tx), [t| = Y0 t;, dt = dty -+ dty, and £ = £ x -+ x Ly,
with .} a standard contour in the t;-plane which is a deformed imaginary axis,
that is, it connects —ioo and +ioco but is curved so that among all the poles of the
integrand only the poles of I'(—¢;) lie to the right of .;. Formally speaking, this
representation, like the Euler representation (1.6), gives an analytic continuation of
the series (1.4). However, (1.6) and (1.7) can in fact only be regarded as interme-
diate constructions, and the most adequate tools for the qualitative analysis and
calculation of F I(DN) outside UV are its representations by certain other generalized
hypergeometric series converging in suitable subdomains of CV\U" and solving the

F™N(a;b, ¢;z) =
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system (1.5). We will call such representations of F jgN) formulae for analytic con-
tinuation. We derive such formulae in §2, where we present results from [57]-[61].
It was noted in [62] that an effective calculation of the Lauricella function Fl(jN)
outside UV is a key aspect in solving the well-known problem of finding the param-
eters of the Schwarz—Christoffel integral. We consider this application of the theory
of the function FI(DN) in §5.

Section 3, which reproduces results in [63] and [64], is devoted to applications
of the Lauricella function F ](DN) to the derivation of a new representation for the
solution of the Riemann-Hilbert problem. This possibility has been opened by
the Jacobi-type formula for F ](DN) found in [57], [65], [66]. In §4 we show how these
advances in the Riemann—Hilbert problem can be used in the solution of a particular
problem of this type in a complicated domain arising in plasma physics; the results
in §4 mostly follow [67].

Before describing the central topics of this paper in greater detail (see §§ 1.3, 1.4,
and 1.5), we consider the place of the Lauricella function F' ,(DN) in the general theory
of hypergeometric functions of several variables.

1.2. Multivariate hypergeometric functions and systems of equations.
According to Horn’s approach [5], a power series

x(z1,-.-,2N) = Z A(kl,...7kN)zf1--~z§€VN,

keZn
or briefly
x(z) = > Alk)z~, (1.8)
kezn
is said to be hypergeometric if the ratio of any two adjacent coefficients is a rational
function of the components of the summation index k := (kq,..., ky), that is, for
allj=1,...,N
Ak ; P;(k
(k +ej) _ ; (k) 7 (1.9)
A(k) Q;(k)
where P;(x) and @;(x) are some polynomials in the N variables (z1,...,zn) = X,
and e; := (0,...,1,...,0) denote the vectors with jth component equal to 1 and

the others equal to 0 (for instance, see [15], [20], [28]).

The general form of the coefficients A(k) satisfying (1.9) is given by the Ore—Sato
theorem (8], [22], which shows that A(k) is a certain product of I'-functions and
a multiplier of the form

AN R(Ky, . k) (1.10)

(which has no crucial importance for the properties of the series), where R is a ratio-
nal function and A; € C. The series x(z) defined by (1.8) and (1.9) can be shown
to solve the following system of partial differential equations [5], [7], [68]:

Q;(0)(z;'x(2)) = P;(0)x(z),  j=1,....N, (L.11)
where the differential operators P;(6) and Q;(6) are obtained by substituting the
components of the vector 6 := (61,...,0n), 05 := z50/0z, as the arguments of

the polynomials P; and @; in (1.9).
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It is easy to see that the coefficients of the Lauricella series (1.4), which are given

by
_ (O) (@), - (an)kn
A(k) = (Opkr! - kn! (1.12)
satisfy the relations (1.9) for
N
Pj(x) = (b+|x])(a; +x;) and Q;(x) = (c+ |x])(1+ z;), x| = le,
=1

so that (1.4) belongs to the family of Horn hypergeometric series. The system (1.11)
corresponding to such P; and @; has the form

<c+n§9m>(1+0j)(zglx(z)) = <b+iem>(aj +60,)x(z), j=1,...,N.

Setting 05 = z; 0/0zs, removing parentheses, and bearing in mind that

(1 . 83) (5" x@) = 5xe)

we arrive at (1.5), which therefore is a system in the class of Horn hypergeometric
systems.

We note that the property (1.9) holds also for the other series Fu, F, and F¢
introduced by Lauricella, and of course for their special cases, the Appell series,
the Kampé de Feriet functions, and many other well-known hypergeometric series
(see [7], [13], [15], [30]).

General hypergeometric functions can alternatively be defined as solutions of the
hypergeometric 2A-systems of Gelfand, Kapranov, and Zelevinsky ([16], [18], [24]).
A system of this type is defined by an r x M integer matrix 2 = {a,;} and a set of
complex parameters (by,...,b.) =: b € C", where it is assumed that the columns
of 2 generate the lattice Z" and that for some vector (hy,...,h,.) € Z" we have
Sy hsas; =1, j = 1,...,M. The matrix 2 is associated with the sublattice
L C ZM defined by

M
L:= {(917._.791\4) = gezM: Zgjasj =0, s= 1,...,7“}. (1.13)

j=1

The Gelfand—Kapranov—Zelevinsky system consists of r first-order equations

M
Zasjwjaqgiw) = bsp(w), s=1,...,m7 (1.14)
j=1

(
W
and an infinite set of equations of order at most M:

[T () en= I1 () vt gelo i)

7:9;>0 7:9;<0
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each of which corresponds to an element g = (g1, ..., gy ) of L, where the product
on the left-hand side of (1.15) involves only the positive components g; of g and
the one on the right-hand side involves the negative components. The unknown
in (1.14) and (1.15) is a complex scalar function 1 (w) of the vector-valued argument
(wl,...,wM) =weCM

We note that one solution of (1.14), (1.15), that is, one generalized hypergeo-
metric function in the sense of Gelfand, Kapranov, and Zelevinsky, is given by the
(formal) power series

ga +75
=> H (1.16)
gel j=1 1+gj+77)
where L is the lattice (1.13), and the vector v = (y1,...,7va) is connected with the
matrix 2 and the parameter vector b = (by,...,b,.) by the equalities
b :Zasj'yj, s=1,...,r (1.17)

The systems (1.14), (1.15) gave new impetus to the development of the multidi-
mensional theory of hypergeometric functions in the 1980s. These systems and the
corresponding series (1.16) were the subject of many investigations, some aspects
of which were reflected in [69]-[71]. We remark that the systems arise in a natural
way in the theory of algebraic equations [70] (see [28] for other applications). The
systems (1.14), (1.15) are holonomic (have a finite number of linearly independent
solutions) for a fairly general matrix 2 with the above properties and an arbitrary
set of parameters b (see [18]). Concerning the monodromy groups of these systems,
see [71] and the literature cited there.

The Horn series (1.8) and the Gelfand-Kapranov-Zelevinsky series (1.16) are
closely connected, as pointed out in [20]: each series of the form (1.16) can be
represented as a product of a monomial and a Horn series whose coefficients do
not contain ‘non-essential’ multipliers of the form (1.10). We can demonstrate this
connection in the case of the Lauricella function Fl()N): to do this we reformulate its
definition (1.4) in terms of a series (1.16) and find the corresponding system (1.14)
(see also [70]). Using (1.2) and the equality

Cla+k) _ (=D'T(1-a)
I'(a) T(1-a—k) '

(1.18)

we can easily rewrite (1.4) as

2(N+1)

N
FEN)(a;b,c;z) I'(l1-1b) H 1—a3< H w; ) w), (1.19)

where ¢ p(w) is the series of form (1.16)

2(N+1)
oo 2(N+1) wgﬁ-w

Z H Fl"‘QJ""YJ) (1.20)

gelp j=1
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with (y1,...,v2n+2) =: 7y the parameter vector defined in terms of a, b, and ¢ by
v=(=bc—1,-ay,...,—an,0,...,0) (1.21)

and with the sum taken over the lattice Lp generated by the rows of the N x (2N +2)
matrix

-1 1 -1 0o ... 01 0 0
-1 1 0 -1 0 0 1 0
Lp = , (1.22)
Lo : : . . 0
-1 1 0 0O ... =1 0 O 1

that is, any g € Lp has the form g = k€p, where k = (ky,...,kx) € ZV, and
the variables z = (z1,...,zy) and w = (wy,...,wan+2) in (1.19) and (1.20) are
connected by the relations

W2WN 4542

g = ——— s=1,...,N. (1.23)
W1Ws4-2

Now we write out a Gelfand—Kapranov—Zelevinsky system satisfied by the
series (1.20). By using (1.13) it is easy to see that the rows a; = (as1,...,asn)
of the matrix Ap = {as;}, s=1,...,N+2, j=1,..., M, where M = 2(N + 1),
satisfy the following linear system of algebraic equations with matrix £p in (1.22):

gpal =0 (1.24)

(the superscript T denotes transposition). From (1.24) we see that we can take 2p
to be the (N +2) x (2N + 2) matrix

10 00 1 1
0 1 00 -1 -1 -1
00 1 0 0

Ap = 00 0 1 0 (1.25)
10 0 0 0
01 0 0 1

whose first IV + 2 columns form the corresponding identity matrix, and the remain-
ing N columns form a matrix with two rows consisting of 1s and minus 1s, respec-
tively, while the other rows form the N x N identity submatrix. We note that
2Ap = {as;} satisfies the above general conditions for matrices defining 2A-systems,
and in particular, we can set (hy,...,h,) = (1,...,1) because it is obvious that
SN 2o =1forj=1,...,2N +2.

From (1.21), (1.25), and (1.17) we see that the first equations (1.14) of the
Gelfand—-Kapranov—Zelevinsky system for 1)p(w) in the representation (1.19) have
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the form
P 2N+2 P
ow, . awj
j=N+3
P 2N+2 P
Wy 3¢D - > W awD_ + (1 —c)¢p =0, (126
W2 NG Wi
w, 8¢D +ws+N 3¢D +a5—2wD:O7 5:37,N—|—2
ow, Owst N

In the second group of equations (1.15) the lattice L must be taken to be the
lattice Lp generated by the rows of the matrix (1.22).

An important part of the theory of hypergeometric functions of several variables
concerns their representations by contour integrals of Euler-Pochhammer type,
Mellin—Barnes type, or other types (for instance, see [7], [12], [13], [27], [72]). Such
an integral representation can be taken as the definition of a certain class of hyper-
geometric functions. Integral representations will be important for our purposes in
this paper.

The above arguments show that the Lauricella function can be viewed both from
the standpoint of Horn systems and from the standpoint of 2-systems. In this paper
we take the first point of view.

We note further that for Horn series, and for the Lauricalla function in particular,
authors often use notation indicating the basis in the lattice (1.13). For example,

the coefficients (1.12) of the series defining F' I(DN) can be written in the form

N 2(N+1) 1
AK)=T()T(1=b) || T(1-a;) ,
]1;[1 ! E F(1+k-q; +75)
where k = (k1,...,ky) is a multi-index, q; is the jth column of the matrix £p in

(1.22), the dot - denotes the scalar product, and the vector v = (y1,...,7van+2) is
expressed using (1.21) in terms of the parameters of the Lauricella function (1.4).
Nevertheless, in what follows we hold to the traditional notation involving products
of Pochhammer symbols (1.2), because then the results we are going to discuss can
be expressed in a more compact form.

1.3. Formulae for analytic continuation of the Lauricella function. In
spite of the great progress made in the general theory of hypergeometric functions,
quite a few important questions which are well understood for the Gauss function
have long remained unresolved in the multidimensional case.

One of the unresolved questions for the Lauricella function Fl()N), already men-
tioned in § 1.1, is the problem of its analytic continuation. This is the problem of
finding representations of the form

N
FR (@b, ciz) = > Nuj(ash,cz),  z¢ UV, (1.27)
=0
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outside the polydisk UV, where the functions u;(a;b, c;z) are generalized hyperge-
ometric series (distinct from the original function) which satisfy the same system
(1.5) as FéN)7 and the coefficients A; are independent of a1,...,an, b, and c and do
not vanish simultaneously. We call representations of the form (1.27) formulae for
analytic continuation. This is the sense in which analytic continuation of hyper-
geometric functions is understood in the fundamental papers [73], [74], as well as
in [7], [10], [11], [13], [30], [31], [75], and other papers. Note that the right-hand side
of (1.27) contains N + 1 terms, because this is the number of linearly independent
solutions of (1.5). These formulae are a direct generalization of the corresponding
representations for the Gauss function (see [30], [31]), which we discuss below in
this subsection.

The problem of finding representations (1.27) for F j(DN) is a particular case of
the general problem of analytic continuation arising in the theory of multivari-
ate hypergeometric functions and the theory of systems of equations satisfied by
these functions. This problem (which is closely related to calculating the mon-
odromy group) consists in finding a complete set of solutions of a hypergeometric
system of differential equations in a neighbourhood of each point of CV and in
finding explicit formulae expressing the connections between two such sets defined
in neighbourhoods of different points. Questions of the monodromy of the Lau-
ricella function F l()N) were investigated in [17], [76]-[78]. The problem of its ana-
lytic continuation has been considered by many authors. In the cases N = 2 and
N = 3 important results were obtained by Erdélyi [10], Olsson [11], and Exton [13].
For arbitrary N a complete set of formulae of the form (1.27) was constructed in
[57]-[61]. Such representations hold in domains that, in totality, cover the whole
of CN away from certain hyperplanes. It should be noted that the methods of
analytic continuation in those papers made essential use of the form of the coef-
ficients of the hypergeometric series (1.4). A way to effectively construct analytic
continuations of general power series without relying on the specific form of their
coefficients is opened by methods based on Padé approximations and their gener-
alizations developed in [79]-[81].

In the single-variable case, that is, for the Gauss function, the problem of analytic
continuation was brought to conclusion in the 19th century in well-known works.
First of all, for the hypergeometric equation (1.1) we have the set of Kummer’s
canonical solutions [30], [31], [73], which are the ‘simplest’ solutions of this equation.
We present here two functions in this set which (for ¢ —a —b ¢ Z) form a complete
system in a neighbourhood of the singular point z = 1:

ugl)(a,b;c;z):F(a,b;a+b—c+1;1—z), (1.28)
u) (@ bie;z) = (1= ) PFe—ac—be—a—bt+11-2),  (129)

and also another pair of functions which (for b — a ¢ Z) form a complete system in
a neighbourhood of z = oc:

Ugoo)(aﬂ b7 ) Z) = (_Z)_aF(a7 l—c+ a; 1-b+ a; 2_1)7 (130)
ugOO)(a7 bv G Z) = (_Z)ibF(bv l—c+ b7 I-a+ b’ Zﬁl)' (131)
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Near z = 0 the following two functions form a complete system (provided that

c¢Z):

ugo)(a, b;c; z) = F(a,b;c; z), u(zo)(a, bic;z) =2 "F(l4+a—c,1+b—c;2—c;2).
(1.32)
In (1.28)—(1.32), F' denotes the hypergeometric series (1.1), and the superscripts in
the notation for the functions u§0), ug.l), and u(-oo), j = 1,2, indicate the point near
which they are defined. The general solution of (1.3) is expressed near these points
as a linear combination of the corresponding two canonical solutions.
For example, in constructing an analytic continuation of the function ugo)(z) =
F(a,b;c; z), which is a solution of (1.3) holomorphic at z = 0, into the domain

K:={zeC: |z—-1] <1, |arg(l — 2)| < 7} (1.33)
we obtain a representation of the form (1.27):
F(a,b;c;z) = Alugl)(a, b;e;z) + AQUél)(CL, b;¢; 2), (1.34)

where the functions ugl) and ugl) can be found from (1.28) and (1.29), and the
coefficients A; and A, are given by
T'(c)T(c—a—1b)

A=z azo) Ay =
1= Te—aTle—p) 4 A

T'(c)T(a+b—2c)

T()D(b) (1.35)

with ¢ — a — b assumed not to be an integer.
In a similar way, for analytic continuation of the function ugo) (z) = F(a,b;c; 2)
into the domain

Vi={z€C: |z| > 1, |arg(—2)| < 7} (1.36)
we have the following formula of the form (1.27):
F(a,b;c;2) = Blugoo)(a, b;c;z) + Bguéoo)(a, b;c; z), (1.37)
where u(loo) and uéoo) can be found from (1.30) and (1.31), and the coefficients By
and By are given by

B L'(c)T'(b—a) an _
B = L(b)C(c—a) d B,

I'(c)T'(a —b)

F@re=0) 1

when a — b is not an integer.

Note that all canonical solutions of Gauss’s equation (1.3) are expressed in terms
of hypergeometric series of the form (1.1). But the system (1.5) lacks a similar
property even for N = 2. In the case of two variables (recall that this system is

then denoted by E(DQ)) it is satisfied by the Appell function Fg) = Fi(a,d’;b,¢; 2, (),

pen = S Orin(@k(@)n g n
F1(a,a7b,c,z,C)—k%::0 ERTIREAE 2l <1, [¢]<1  (1.39)

(z and ¢ are variables and a, o', b, and ¢ are parameters), which is a holomor-
phic solution in a neighbourhood of (z,{) = (0,0). The problem of constructing
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an analogue of Kummer’s canonical solutions for Eg) has been considered begin-
ning with [4] (see [10] for a detailed survey of investigations in this direction).
A set of canonical solutions of Eg) which can be expressed in terms of the Appell
series (1.39) is presented in [7]. Erdélyi [10] showed that the functions in [7] are not

sufficient for describing the general solution of the system Eg), and he proved that
the required additional canonical solutions can be expressed in terms of a bivariate
hypergeometric series

Gla.d'ib.cing) = 30 WetOil@linpcn <1, o
k,n=0 noRT

which cannot be reduced to (1.39). This series, which is of central importance
in the theory of the Appell function Fy, had previously been indicated in [9] (in
a slightly different form) as the function G5 in the so-called Horn’s list, a list
of essentially different hypergeometric series of two variables (see also [30]). The
difference of indices n — k in (1.40) can take negative values. Note that, in view of
the property (1.18) of the gamma function, the Pochhammer symbol (a); defined
in (1.2) can be expressed for negative integer values of k by

(@r=(-D*(1-a)2—a) ((1—a)—k—1)]", k=-1,-2,.... (1.41)

Let us consider the system (1.5) for N = 2 more closely in a neighbourhood of
the point (z,{) = (00,00). For this system the analogue of Kummer’s canonical
solutions (1.30), (1.31) in the domain

V2= {(2,0) €€ 2l > [¢] > 1, arg(—2)] <3 Jarg(—Q) <7} (142)

is given by the functions (see [10] and [11])

’

UL (a,d';b,¢;2,¢) = (—2) (=)
X Fl(a,a';l—c—|—a+a’,1—b+a+a’;1,2), (1.43)
z
U (a,a';b,¢;2,¢) = (—2)"* (=)

><G<a,1c+b;ba,1+baa';c,é>, (1.44)
z

1
%z(m)(a, a';b,c;z,0) = (—2)"°Fy (1 —c+b, a,';b,l—l—b—a;z,i), (1.45)

two of which can be expressed in terms of the Appell series (1.39), while the third
can be expressed in terms of the Horn series (1.40). (In the notation of V2 the super-
script indicates that we are in the case of two variables.) The functions (1.43)—(1.45)
form a complete system of linearly independent solutions of the system Eg) in V2,
provided that

b—a¢Z, b—a—d ¢Z. (1.46)

Furthermore, the series F} on the right-hand side of (1.43) converges in a whole
neighbourhood of the point (0o, 00), namely, for |z| > 1 and |{| > 1, while the
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two series G and Fy in (1.44) and (1.45) converge only for |z| > |¢| > 1. Thus,

bearing in mind that the right-hand sides of (1.43)—(1.45) contain branching factors,

)

we see that V2 is the domain where all three functions %j(oo , 5 = 0,1,2, are

well defined (and single valued). Since the system Eg) is clearly preserved by
interchanging z and ¢ (and interchanging the parameters a and o’ at the same
time), by using (1.43)—(1.45) we also can indicate a complete system of canonical
solutions in the domain

V2= {(2,Q) € C%: ((,2) € VP = {[¢] > |2 > 1, |ang(—2)| < 73 Jarg(—)] < 7}.
(1.47)
Such solutions there are given by

%O(W)(a,a’;b,c;z,g) and @;(m)(a,a’;b, c;z,() = %j(oo)(a',a; b,c;¢,2), j=1,2,

(1.48)
provided that b — a’ ¢ Z and b — a — o’ ¢ Z. We note that the canonical solutions
of Eg) in a neighbourhood of (z,{) = (1,1) that were constructed in [10] and [11],
like (1.43)—(1.45) and (1.48), have the form of power series, but now in powers of
l1—zand 1—-¢(.

On the other hand, it is possible that the general solution of the system Eg)
contains not only powers of z, {, 1 — z, and 1 — {, but also logarithms of these
quantities. Such cases are said to be resonant or logarithmic, and they occur when
any of the following numbers is an integer:

c—a—a —b c—a—-b, c—ad —-b b—a—-d, b—a, b—ad. (1.49)

For example, if b—a € Z or b—a—a’' € Z, then we cannot define a complete system of
canonical solutions of Eg) using the formulae (1.43)—(1.45), and the corresponding
modified functions (see [61] and also §2.5) will contain the logarithms log z and
log ¢ in addition to powers z™ and ¢*.

Olsson [11] constructed a complete system of formulae for analytic continua-
tion (1.27) of the Appell function Fy in non-resonant, or non-logarithmic cases. For
instance, if (1.46) holds, then we have the following representation in the domain V2

defined in (1.42) (see [11]):
2
Fi(a,a'b,c;2,0) =Y X% (2,0), (1.50)
§=0

where the functions ?/j(oo)(z, () are given by (1.43)-(1.45) and the coefficients \;
have the expressions

Te)T'(b—a—d) T(e)T(b—a)T(a+a —b)

Ao = F(b)F(C —a— CL/) ) AL = F(CL/)F(C — b)F(b) ' (1 51)
\ — LOT(a=b) |
>T T(a)(c—b)"

A formula for analytic continuation into the domain V2 defined in (1.47) can be
obtained from (1.50), (1.51) by replacing %j(oo)(z,o by @;(Oo)(z,@, j=1,2, and
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interchanging ¢ and a’ in (1.51). We underscore that, generally speaking, the
conditions (1.46) ensuring (1.50) do not rule out resonant cases. For example,
if (1.46) is satisfied but b—a’ € Z, then the representation for Fj in the domain V2
contains the logarithms of z and (.

The resonant cases of the system Eg) must be considered separately, because
the results in [10] and [11] do not extend directly to these cases. Such an investi-
gation was carried out in [61], where complete systems of canonical solutions and

formulae for analytic continuation of F; were constructed in resonant cases of Eg)
corresponding to integer numbers in (1.49).

In [11] the Appell function F} was analytically continued using a procedure
based on re-expanding series (see also [7], [82]). The approach in [11] was used
by Exton [13] to deduce formulae for analytic continuation in the case of three
variables (N = 3). In [13] an (essentially complete) set of representations of the
form (1.27) was found for N = 3 in the non-logarithmic case. However, this is
a laborious approach, which meets with considerable difficulties even for N = 3,
and moreover, we actually cannot use this method to treat logarithmic cases of the
system EE)N) for N > 2.

In our §2 we present a complete set of formulae for analytic continuation of the
Lauricella function F I(DN) of an arbitrary number N of variables. The subdomains
of CN where these formulae hold totally cover CV (away from certain hyperplanes).
To derive continuation formulae we use representations in the form of Mellin—Barnes
type integrals for F EN) (see §2.1). Formulae for analytic continuation into neigh-
bourhoods of the points szo’o), z,(gl’o), and z,(g}gfo’o) are derived in §2.2, 2.3, and 2.4,
respectively. These subsections are an extended version of [57]-[60]. Some facts con-
cerning the resonant case are given in §2.5 (the reader can find a detailed analysis
for N =2 in [61]).

1.4. Schwarz—Christoffel parameter problem and analytic continuation
of ng). The effective construction of a conformal mapping of a complicated
domain % onto a canonical domain (a half-plane, a disk, the exterior of a disk)
is usually a difficult problem. However, when such a mapping is known, substan-
tive new possibilities sometimes emerge for the investigation of many theoretical
and applied problems (for instance, see [83]-[91]), in particular, for the solution
of boundary-value problems in the original domain Z. In this connection many
papers developing and improving methods for conformal mappings have appeared
(for example, [92]-[100]).

As is well known, the general approach to constructing conformal mappings of
simply connected polygonal domains is based on the Schwarz—Christoffel integral

(see [92], [93], [97], [99], [101]-[104]). For a mapping p: HT <ol Z of a half-plane
onto an N-gonal domain % with internal angles 73; at the vertices z; this integral
has the form

¢ N
2= p(0) = %/C Tt c)%di+ i, (1.52)
j=1

where % and .# = p(C) are constants and the ¢j = pY(z;) are the inverse
images of the vertices of #. According to Riemann’s theorem [102], [104], three
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of the quantities (; can be prescribed arbitrarily (with preservation of the direc-
tion of a circuit around the domain) on the real line R = JH™T, but finding the
other N — 3 points is difficult. This limits the scope of applications of the analytic
representation (1.52) (for example, see [97], [102], [105]-[108] on this topic).

Methods for calculating the unknown parameters of the Schwarz—Christoffel inte-
gral (besides the inverse images (;, these parameters include the coefficient ;) are
indicated in [92]-[94], [97], [105], [109]. Finding them becomes especially difficult
in the case of crowding, when the (; are very unevenly distributed (see [107] and
also [97], [105], [110], [111]). In our case of a mapping of a half-plane, crowding
in R is understood with respect to the spherical metric [93], [97], [103]. It should
be noted that in applications the situation of crowding is most often encountered in
the use of the Schwarz—Christoffel integral. The crowding problem has been treated
in [62], [99], [105], and [111]-[113], but it is still far from a comprehensive solution.

Our hopes are that the results in § 4 on analytic continuation of the Lauricella
function F,(DN) can be instrumental for making significant progress in the solution
of the crowding problem. We remark that connections between the theory of the
function FjgN) and the Schwarz—Christoffel parameter problem were pointed out in
[62] (and also in [111], in the particular case of a pentagonal domain). Here we
present the corresponding arguments from [62] (see also §5).

We can form a system of equations for the parameters (see [93]) by integrating
in (1.52) over the intervals ((x, (k+1) and equating the absolute values of the inte-
grals obtained to the corresponding lengths Ly := |21 — 2| of the sides of the
boundary 0%:

Cor1 IV
‘%/ H(t—gj)ﬁj—ldt‘ =Ly, k=1,...,N—2, (1.53)
Ck j=1
where we assume that all the vertices z;, j = 1,...,N — 2, are finite. Such

non-linear systems are usually solved via Newton-type iterative procedures, and we
need a high-precision algorithm for calculating the left-hand sides of the equations
(1.53) in order that such procedures converge efficiently. After obvious changes of
variables and use of an Euler-type representation (1.6), we express the left-hand

sides of (1.53) in terms of the Lauricella function Fgl) with n = N — 3, where each

equation is characterized by its own set of parameters and the variables of Fgl),

the parameters are expressed in terms of the characteristics 3; of the angles of the
polygon, and the variables are expressed in terms of the inverse images (; of its
vertices. It should be stressed that when crowding occurs, the arguments of the
functions F ](Dn) vary outside the unit polydisk, so that we cannot use the representa-
tion (1.4) to calculate the values of these functions. A fairly effective algorithm for
such calculations is provided by the formulae of type (1.27) for analytic continuation
which we present in §2. In §5 we show that the left-hand sides of (1.53), regarded
as functions of (q,...,(y, are related one to another in the sense that they are
solutions of the same Lauricella system (1.5), and we present explicit expressions
for them in terms of the functions involved in the representations (1.27). In §5 we
also give an example of solving the Schwarz—Christoffel parameter problem and of
constructing a conformal mapping in the case of crowding.
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We note that to get a sound initial approximation for the unknown inverse
images we can use asymptotic expressions for them corresponding to limiting cases
of the structure of the polygon %. Such asymptotic formulae can be deduced using
the constructive results in [114] and [115] on variation of a conformal mapping under
singular deformations of the domain. For a pentagonal domain such formulae were
found in [62] and [111].

1.5. Riemann—Hilbert problem and Jacobi-type formulae. The differential
relations holding for hypergeometric functions are very important (see [116]). One
such relation in the theory of the Gauss function F'(a,b;c; z) is the familiar Jacobi
identity [117] (see also [30]). It has a direct generalization to the case of F ISN),
in the form of a system of differential relations found in [57], [65], [66], and we
call them Jacobi-type formulae. By using such formulae we can find [63], [64]
a new type of representation for the solutions of the Riemann—Hilbert problem with
piecewise constant data, which we discuss below. This representation has the form
of a Schwarz—Christoffel integral, which is significantly different from Cauchy-type
integrals arising in commonly used representations for solutions of boundary-value
problems for analytic functions.

Starting from the fundamental papers [74] and [118], many authors ([119]-[124])
have considered the Riemann—Hilbert boundary problem which consists in finding
an analytic function .Z(2) = u(z,y) + iv(z,y) in a domain & C C from a given
relation

pu—qu=r (1.54)

between its real and imaginary parts on the boundary 0% (where p, ¢, and r are
real functions). Results in the classical theory of this problem and methods for
solving it are presented, for instance, in the treatises [125]-[127] (see also the books
[97] and [128]-[130]). The problem (1.54) has many applications to mechanics,
electrodynamics, stochastic processes, approximation theory, and so on; some of
its applications are listed in [126] and [131]-[140]. For contemporary theoretical
investigations of the problem and some of its generalizations, see [141]-[146], for
example.

To solve the Riemann—Hilbert problem (1.54) constructively, it is useful to use
a conformal mapping of the original domain % onto, say, the half-plane H* (or
a disk, or the exterior of a disk). Then the solution of the transformed problem can
be written out in a closed form in terms of Cauchy-type integrals (see [125]-[127]).
In particular, using this approach we can adequately take into account the compli-
cated geometry of the domain Z.

Starting from Riemann’s paper [74] (see also [93], [131], [133], [147]), many
authors have noted that the solution of a Riemann—Hilbert problem has a clear
geometric interpretation. For example, in the simplest case when p, ¢, and r are con-
stant, the condition (1.54) is the equation of a straight line in the plane w = u+iv.
This observation suggests that a solution of the Riemann—Hilbert problem with
piecewise constant data can be interpreted geometrically as a conformal mapping
of the original domain onto a (not necessarily schlicht) polygonal domain. We note
that the representation of a solution 927 (() as a Schwarz—Christoffel integral that
was constructed in [63] and [64] (see also [62]) on the basis of a Jacobi-type formula
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for the Lauricella function [57], [65], [66], is a realization of this interpretation of
a Riemann—Hilbert problem with piecewise constant data.

Before we present this representation, we introduce some further notation. We
write the boundary condition in the Riemann-Hilbert problem (1.54) as

Re [h(2)F ()] =r(2), 2 e 0B,

where h(2') := p(2)+iq(z"). After a conformal mapping z = ®({) of the domain &
onto H* the unknown function .#(z) is transformed into

P =Fo27(Q),
and the piecewise constant functions h(z’) and r(z’) become

X(E) =ho®™'(§) and o(§) =rod7'(¢), (R,

respectively, which are also piecewise constant (on the real line R = dH™). Thus,
in view of this notation the boundary condition in the Riemann-Hilbert problem
in H* has the form

Re[x(§)Z7F ()] =0(§), E€R. (1.55)

We denote the set of points of discontinuity of x (&) or o(§) by
== {fo,ﬁl,...,gjv}, (156)
where &1,...,&y are finite points in R, &1 > &, and & is the (unique) point at

infinity. A representation of 2% (¢) which realizes the geometric interpretation of
the solution of the Riemann—Hilbert problem has the form (see [63], [64])

¢ N
9#@:%/ TL¢ - &) Pt + 54, (1.57)

where P({) is a polynomial with real coeflicients and with degree depending on
the number of points of discontinuity of x(£) and on the index s of the prob-
lem, the fractional parts of the exponents v; are expressed in terms of the jumps
of the argument of x(&) at points of discontinuity, and the integer parts of 7, are
determined by some additional conditions.

The Schwarz—Christoffel integral in (1.57) has two important (and beneficial)
properties. First, as we have already mentioned, it provides a clear geometric inter-
pretation for &% (¢) by showing that this function realizes a conformal mapping
of the upper half-plane H" onto a non-schlicht polygonal domain .# (see [93]).
Here the mapping w = 21 ({) takes points in = and real zeros of P({) to cor-
ner points of the boundary of .#, while complex zeros of P(¢) in HT are taken
to interior branch points of this domain. Second, the integral (1.57) is much
more effective for calculations than the traditional representations of a solution of
the Riemann-Hilbert problem via Cauchy-type integrals (see [111], [140] on this).
These features are useful for applications. For example, many important problems
in mechanics ([131], [132], [148]-[150]) and plasma physics ([67], [134], [151]) reduce
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to a Riemann-Hilbert problem with piecewise constant data. We should note that
a solution &£ (() of a Riemann-Hilbert problem in HT that has these properties
can also be constructed for boundary data h(z’) and o(z’) in (1.55) which belong
to certain wider classes.

Furthermore, in many papers (for instance, [93], [131], [133], [148]-[153]) solu-
tions of Riemann—Hilbert boundary problems, including ones arising in connection
with applied problems, were expressed by means of Schwarz—Christoffel integrals,
but the proof of such a representation for arbitrary piecewise constant data of the
problem and formulae for the parameters of the integrand were apparently first
obtained in [63] and [64]. We devote our §3 to a presentation of results from these
papers.

2. Analytic continuation of the Lauricella function

2.1. Representations by Mellin—Barnes contour integrals. In this sub-
section we present two representations by (one-dimensional) contour integrals of
Mellin—Barnes type for the function F’ I(DN) (a; b, ¢;z). Then on this basis we obtain in
§§2.2-2.4 a system of analytic continuation formulae of the form (1.27). We remark
that Mellin—Barnes integrals and various generalizations of them play an important
role in the theory of hypergeometric and other special functions (see [28]-[31], [154]).

2.1.1. The first representation of F' I(DN). We consider the domain

SV i={zcCN: |arg(—2x)| < 7; || <1, k=2,...,N}, (2.1)
introduce the notation z} := (2a,...,25) and a} := (ag,...,an), and define the
function

T'(ar + s)T'(b+ s)I'(—s)
.b . =
f(a7 ,C,Z,S) F(C+S)
x (—21) FY V(@) b+ s, ¢+ 5;2)), zcSY, seC. (2.2)

The function FéNfl)(a’l;b + s,¢+ s;2}) in (2.2) is defined by the series (1.4) for
the corresponding values of the parameters and variables.

The following result establishes the first integral representation of Mellin—Barnes
type for the Lauricella function F' EN).
Proposition 1. The Lauricella function Fé,N)(a; b,c;z) defined by the series (1.4)
can be represented for z € UN NSY as a contour integral of Mellin-Barnes type:

c 4100
ng)(a b,c;z) = 27”;(‘())“[))/ flasb,c;z, s)ds, (2.3)

where f is given by (2.2) and the contour of integration in (2.3) is chosen so that
the poles s,(co) =k, k €Z", and the poles s,(cl) = —a; — k, 31(3) =-b—k,keZt,
of the function f(s) lie to the right and to the left of it, respectively (see Fig. 1).
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Figure 1. The contour of integration in the Mellin-Barnes representation (2.3).

Proof. Let L denote the contour of integration in (2.3), and let L,, be the part of
it between the points —(n + 1/2)i and (n + 1/2)i, where n € N, that is, L, is the
curve

1
L, := {SEL: |Irns|<n—i—2}7

and moreover, let C;T be a semicircle (centred at the origin) with radius n+ 1/2 in
the right half-plane which is oriented clockwise. Using the well-known identity

I'(—s) =

-7
I'(1+ s)sinms

(see [30]), we can write the function in (2.2) in a form

[(ay +s)(b+5s) (v-1) m(=21)*

i b, ¢ =— F 1ib 1z 2.4
f(@;b,ciz,5) I(c+s)T(1+s) P (@130 45,0+ 5521) sinms (24)
more convenient for asymptotic analysis, and we can consider the integral
I.(a;b,c;z) ::/ flasb,c;z, s)ds. (2.5)
L,uC;t

The known asymptotic formula
D(a+s) = O(s5T97 Y27, s— o0, |args|<m

(see [30], §1.18), for the gamma function gives us the following estimate for the
first fraction in (2.4):
I(a; + s)I'(b+ s)
T(c+s)T(1+s)

It is easy to verify that for the Lauricella function in (2.4) we have the asymptotic
relation

= O(smHbely, s — o0, |args| <. (2.6)

FBN_l)(a’l;b—Fs,c—l-s;z'l) =0(1), 5 — 00. (2.7)
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We find an estimate on the curve C, for the third factor on the right-hand side
of (2.4). Let s = (n + 1/2)e? and (—2)® = exp(slog(—z1)), where log(—z1) :=
log |z1| +iarg(—z1) and |arg(—z1)| < m — 0 for some small positive § by the condi-
tions of the proposition. Then it is easy to verify that

(=21)°

sin 6

= ﬁ(exp [— (n + ;) (— cosOlog|z1| + 0] Sin0|)]>7 n—oo. (2.8)

From (2.6)—(2.8) we obtain the following asymptotic formula for the function (2.4)
on the curve C;F:

|£(s)] = O(n™ =T exp[—n(—cos O log |z1| + &| sind])]), (2.9)

seClh, n— oo

where we use the notation f(s) := f(a;b,c;z,s). Hence if |z1| < 1 and therefore
log |z1| < 0, then for all values of s = (n+1/2)e? and 6 € [—~7/2,7/2] the integrand
in (2.5) tends exponentially to 0 as n — oo.

We write the integral in (2.5) as

/L"UCf{ J(s)ds = /Ln f(s)ds + /C; f(s)ds,

where the first integral on the right approaches f o f (s)ds as n — oo, while the
second tends to 0 because of (2.9). Thus,

/L f(s)ds = lim f(s)ds. (2.10)

n—oo L—,LUC;:—

To calculate the integral on the right-hand side of (2.10), we discuss the properties
of the function (2.2) in its dependence on the complex variable s with the other vari-
ables fixed. Recall that the gamma function I'(s) has simple zeros at non-positive

integer points s = —k, k € Z*, and the residues there are given by
(=" +
res I'(s) = , kel (2.11)
s=—k k!

(see [30] and [31]). Also note that the function F(s) := ngfl)(a’l; b+s,c+s;2))/
I'(c + s) is clearly regular with respect to s on the whole finite plane. In view of
the above, it follows from (2.2) that f(s) has simple zeros at the points s,(go) =k,

k € Z*, and its residues there are given by

_ T(a + k)T k)
sifim Js) == L(c+ k)k!

z’fFéN_l)(a’l;b—&-k,c—Fk;z’l). (2.12)

The integral on the right-hand side of (2.10) is —2mi times the sum of the residues
of the integrand f(s) in the domain bounded by the contour L,, U C;}:

/L,,Lucjg f(s)ds = —2mi Z res f(s). (2.13)

k=0 S:Sk
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Using (2.10)—(2.13) and the definition of the Pochhammer symbol (1.2), we obtain

/L f(s)ds = ZWiF(C?()CI)‘(b) Z (a(lc))z(:!)szFéNl)(a'l; b+k,c+k;zy).  (2.14)
k=0

We verify (2.3) by dividing both sides by the coefficient of the sum on the right and
observing that this sum is equal to FI(DN)(a; b,c;z):

FE)N)(&b;C;Z): E WZfF,(DNl)(a’I;b+k,c+k;z’l). a
LK!
k=0

A particular case of the representation (2.3) for N = 2, that is, for the Appell
function Fy, was presented in [7], for instance. For arbitrary N this representa-
tion is perhaps not new either. By applying it successively to functions Fp with
fewer variables in the integrand in (2.3), we can obtain the N-fold Mellin-Barnes
integral (1.7), which was derived (in a somewhat different way), for example, in [13].

It is easy to see that the integral representation (2.3) in Proposition 1 realizes an
analytic continuation of the Lauricella function originally defined by the series (1.4),
into the domain S, in which the right-hand side of (2.3) is a holomorphic function
of z.

2.1.2. The second representation of F jgN). We now derive another Mellin—Barnes
type representation for F' gv)(a; b, ¢; z), which will be used for constructing an ana-
lytic continuation of it in cases when one or more variables z; are close to 1.
We recall a well-known identity established by Barnes’s lemma [30], [31]:
e+l +7) 1

T(a+B+7+06) T(a+t ol (B+0)- 2m

+i00
x/ Pla+ 0B+ O0(y— 06 — ) dt,  (2.15)

—100

where the integration path has been deformed (if necessary) so that the poles of the
product T'(y — t)I'(§ — t), that is, the points t = v+ k and ¢ = § + k with k € ZT,
and the poles of the product I'(« + ¢)T'(5 + t), that is, the points t = —a — k and
t = —f—k with k € Z™, lie to the right and to the left of it, respectively. We write
a factor in (2.2) as a series

I I'(b _
(a1 + 5)I'( +S)Fl()N 1)(a’1;b+s,c+s;z’1)

T(c+s)
_ i Plas + )0+ 5 + ko)) (a2)ke - (@N)kw ko ki
[(c+ s+ [ke,n|) kol kp! 2 N
|k21N|:0 ’

where kg v| = E;VZQ k;. Applying (2.15) with o = a1, 8 =b+ |k n|, ¥ = s, and
0 = ¢ — a1 — b to the combination of gamma functions on the right-hand side, we
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establish the equality

F'(ay +s)I'(b+s) (nv=1),_, , 1
F . . —
T(c+s) b @ibds et sin) = o ST e

+100
y / D(ay + OT(b + )T(s — )T (c — a1 — b— 1)

X ngfl)(a’l;b—&—t;c—al;z’l)dt. (2.16)

Rewriting the definition (2.2) of f with (2.16) taken into account and substituting
the new expression for f into (2.3), we obtain a representation of F’ l()N) as a double
integral. Interchanging the integrations with respect to s and ¢, using the known
formula _
“+1i00
/ D(—s)0(s — t)(—2)* ds = D(—t)(1  2)*
—100

(see [31]), and setting

g(a;b,c;z,8) :=T(a1 + )T (b+ s)T'(—=s)I'(c—a; —b—s)(1 — z)°
xFé,Nfl)(a’l;b—&—s,c—al;z'l), (2.17)

we arrive at the following result, which establishes the second representation of

)

Mellin—Barnes type for FjgN in our paper.

Proposition 2. The Lauricella function FJ(DN)(a; b,c;z) defined by (1.4) has a rep-
resentation forz € {|arg(l—z1)| <7, |zk] <1, k =2,..., N} as a contour integral
of Mellin-Barnes type

I'(c)

+i00
(N)
F :b,c;z) = b, c; d 2.1
b (@3, ;2) 2mil (a)T(D)T (¢ — a1)T'(c —b) /_Z-OO 9(a;b,c;2,5)ds,  (2.18)

where the integrand has the form (2.17) and the contour of integration is chosen so
that the poles

S,(Cl) =k and 81(3) =c—a, —b+k, kezZt, (2.19)
and the poles s,(j) = —ay — k, s,(:l) = —b—k, k € Z*, of the function g(s) =

g(a;b,c;z,8) lie to the right and to the left of it, respectively (see Fig. 2).

The integrand g¢(s) has the poles indicated in Proposition 2 because the gamma
function I'(s) has poles at s € Z~. The function F(s) := Fl(jN_l)(a’l; b+s,c—aq;z})
is clearly regular in the finite part of the s-plane, hence the integrand g(s) has no
singular points other than the poles (2.19) to the right of the contour of integration
in (2.18).

2.2. Analytic continuation into a neighbourhood of zl(1°°’0). In this sub-
section, we present a complete set of formulae for analytic continuation of the
form (1.27) for the function FISN) (a;b,c;z) for all N > 2 into a neighbourhood of

Zgoo,o) € CV, where ¢ = 1,...,N. First of all, on the basis of proposition 1 we

construct such formulae for a neighbourhood of z§°°’0) = (00,0,...,0).
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® Ims

c—a—b c—a—b+k

Figure 2. The contour of integration in the Mellin-Barnes representation (2.18).

2.2.1. A formula for analytic continuation with respect to z; into a neighbourhood
of (00,0,...,0). Using the integral (2.3), we obtain a representation of F[(,N) as
a sum of two hypergeometric series which converge exponentially in the domain

DY :={z e CV: || > 1, |arg(—z)| <7; |z <1, k=2,...,N};

this is a part of the domain SY¥ defined in (2.1). Assuming that b — a; is not an

integer and expressing the integral in (2.3) as an (infinite) sum of the residues at

the simple poles s,(cl) and s,(f) of f(s), k € Z", we arrive at the following result.

Proposition 3. If the function FEN)(a; b,c;z) has parameters such that b — ay is
not an integer, then it has the representation

FS(a;b, ¢;2) = Couo(as b, ¢; z) + Crug (as b, ¢; z), (2.20)

where ug and uy are defined by

_ = (a1)k(1+a1—c)k
uo(asb,¢;z) = (—21)"" Y I
k=0 k (1—'—(11 _b)k
x 2 M F Y (@b — ar — ke —ar — ki 7)) (2.21)
and
1
ui(a;b,¢;2) = (—21)ngv)<1_C+b,a2,.‘.,a1\r;b,1+b—a1§Zl’ZW.,Z)
(2.22)

and the coefficients Cy and Cy are
T(e)T'(b—ay) _ T(e)T'(ar —b)
ToTe—a) ™ O~ TaTe=n)"

The formulae (2.20)—(2.23) give an analytic continuation of the series (1.4) into
the domain DY

Co= (2.23)
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We can show that the series (2.21) converges in DY using methods presented,
for instance, in [13]. The representation (2.22) holds in DY because it is obvious
that for a vector z in this domain the argument (1/z1,22/21,...,2n5/21) of the
function Fj(jN) in (2.22) lies in the polydisk UN.

Note that Proposition 2 gives a formula for analytic continuation of (1.4) with
respect to the variable z;, whose absolute value for z € DY is greater than 1. On
the other hand, the function w; in (2.22) is obviously defined in the wider domain

DY :={z e CV: |z1| > 1, |arg(—z1)| < m; |z1] > -+~ > |2n |},

where all the variables z;, j = 1,..., N, can simultaneously take values with abso-
lute value greater than 1. Thus, in (2.20) only the function ug must be continued
with respect to the variables z; with j = 2,..., N. The case when b —a; € Z,
which we excluded in the above proposition, is a resonant case of the Lauricella
system (1.5) and must be dealt with separately (see §2.5), because it is easy to see
that the relations (2.20)—(2.23) cannot be applied directly to it.

2.2.2. Some notation. Before considering formulae for analytic continuation of F' gv)

with respect to the remaining variables 23, ..., zx, we introduce some needed nota-
tion. Let

h; :=(a1,...,aj-1,1—c+b,aj11,...,an) and a,;:= (as,as+1,.-.,01), (2.24)
where aq,...,an, b, and ¢ are the parameters of the Lauricella function. By the

modulus of a vector we will mean the sum of its components, so that, for example,

J N
las ;| := Zal and |a|:=|ayn| = Zal. (2.25)
=1

l=s

We define the quantities

1 1 1 1
z = (,...,) and z;l = (,...,,zq+1,...,zN)7 (2.26)

Z1 ZN Z1 Zq
and the following transformation of vectors z = (z1,...,2n):
z Zi_ Z; Z;
@‘j(z);_(l,..., J 1,zj,ﬂ,...,f). (2.27)
Zj Zj Zj+1 ZN

Thus, for instance,

) 1 .
Y, (z) = (zl,zl,...,zl) and %(z7!) = <ZJZJZJ+1'ZN)
29 ZN 21 Zj—1 Zj % Zj
(2.28)

We will also use the notation

J
kojl =Y K (2.29)
l=s
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for a partial sum of components of the multi-index k = (kq, ..., ky), and moreover,
we will use shorthand notation for the following products:

k! := kl'kN', (a)k = (al)kl "'(aN)kN7 Zk —Zfl . Z]kVN. (230)

Now we write out a generalized hypergeometric series which has appeared pre-
viously, for example, in [13]:

: — (B)jk, (@)
GWNI)(a;b, c;2) == g, (2.31)
|1§—:0 (C)|kj‘k!
where |k;| := |k; n| — [ki,j—1| and the parameter j can take the values 1,..., N+1.

In (2.31) the quantity |k;| can be negative. Recall that for negative integers k the
Pochhammer symbol (a); defined in (1.2) is expressed as the product (1.41).

Forall j =1,..., N+1 the domain of convergence of the series (2.31) is the unit
polydisk UN. For j = 1 and j = N +1 the function G?V7) | has obvious expressions
in terms of the Lauricella function:

GV (asbeiz) = R (asbiz), GV (asbiez) = FlyY (a1 — 1 - ba),

and for N = 2 and j = 1 this function coincides with (1.40).
We also set

Vflv ={z e CN: |z > > |2y > 1, arg(—2)| <7 j=1,...,¢q
lzi] <1, l=q+1,...,N}, g=1,...,N, (2.32)
and

VNV =V ={zeC": |z1| > > |an| > 1, arg(—z)| <7 j=1,...,N}
(2.33)

2.2.3. Formulae for analytic continuation of FJ(DN) into a neighbourhood of the
point (00, ...,00,0,...,0). Applying Proposition 2 to the functions Fé,Nfl) on the
right-hand side of (2.21) and to similar functions of fewer variables arising after such
an application, we arrive at the following result, which lets us extend the Lauricella
function Fj(jN)(a; b, ¢;z) into the domains Vf]v, g=1,...,N, defined in (2.32).

Theorem 1. If the Lauricella function has parameters satisfying
b—|a1’j|¢Z, _]:1,,(] (234)

(recall that |a; ;| = Zij:1 ay), then an analytic continuation of the series (1.4) into
the domain Vév is described by the formula

Fj(j a;b, c;z) ZB‘L 02/(000 (a;b,c;2), (2.35)

where the functions ?/qE?O’(]) are defined by

q
5" (asb, c;7) = (H(—Zl)“l>G(N’q“)(a;b —larglic—laiglizg ") (2:36)

=1
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and

j—1
%q(,jo’o)(m b,c;z) := (_Zj)‘al,jfl |—b ( H(—Zz)_‘“>

=1
X G(N’j)(hj;b— |a1,j_1|,1+b— |al,j|;%(z_l))y j:17~-~7Qa (237)

GW9) s the series (2.31), the vectors hj, z; ', and %;(z~") are defined in (2.24),

(2.26), and (2.28), respectively, and the coefficients By ; are

g - LOT0—|aig)) LT — Jar,j-1 )T (|as,;| — b)
q,0

OTTHN e Jarg) 29T D@ TOTe—b)

j7=1,....,q.

(2.38)
The functions (2.36) and (2.37) are linearly independent solutions of the Lauricella
system of differential equations (1.5) in the domain Vév.

In resonant cases, when one or more of the numbers b — |a; |, j =1,...,¢, are
integers, we cannot use (2.35)—(2.38). These cases require separate consideration
and can be treated by carrying out suitable limiting procedures in (2.35)—(2.38).
However, the method used in [61] for analytic continuation of the Appell func-
tion Fi, that is, for N = 2, is more convenient. We give an illustratior)l of that

method in §2.5. In those cases formulae for analytic continuation of F’ EN contain
not only powers of the variables z;, but also their logarithms.

Theorem 1 is proved by induction on the number of variables of the Lauricella
function. For example, we give a proof of an important special case of this theo-
rem, a formula for continuation of F EN) into the domain V¥ in (2.33), that is, for

continuation with respect to all the variables z; into a neighbourhood of infinity.

Theorem 2. If (2.34) is satisfied for ¢ = N, that is, none of the numbers

b—lai;

) j:]‘?""N’

are integers (here |a; ;| = Z{zl ap), then an analytic continuation of the series (1.4)
into the domain VY is given by

B ™ (a;b, c;2), (2.39)

] =

Fj(jN) (ajb,c;2) =
3=0

where the functions @/0(00) = @/J\(,?S’O) and 62/j(°°) = 62/15,?;’0) are defined by

N
?/O(OO)(a; b,c;z) = (H(—zl)_“’)Fj(DN)(a; 1+]al —c, 14 |a| — bzt (2.40)
1=1

and

?/j(w)(a; b,c;z) = (—z;)l2ri1=b (ﬁ(—zﬁ“”)

=1
x GOV (b~ fan ol 14 b [ %), =1 N, (241)
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Fg\’) and GV in (2.40) and (2.41) are the respective series (1.4) and (2.31), the
vectors hy, z71, and #;(z~1) are defined in (2.24), (2.26), and (2.28), respectively,
and the coefficients B; are
DO —fa) DO~ DD =D
) J ) j - 3ttt *
L(b)l(c — [al) (az)T(b)T'(c = b)
(2.42)

The functions (2.40) and (2.41) are linearly independent solutions of the Lauricella
system of differential equations (1.5) in the domain V.

By =

Proof. We prove the relations (2.39)—(2.42) using induction on the number N of
variables of the function ng).

First of all, note that for NV = 1, that is, when the Lauricella function coin-
cides with the Gauss function, the relations (2.39)—(2.42) in the theorem are the
well-known formulae (1.30), (1.31), (1.37), and (1.38) realizing an analytic con-
tinuation of F(a,b;c;z) into the exterior of the unit disk. In fact, for N = 1
the right-hand side of (2.39), like the right-hand side of (1.37), contains only the
two terms BOOZZO(OO) and Bl%l(oo), and the formulae (2.40) and (2.41) determin-

ing % °° and %,°” become the canonical Kummer solutions (1.30) and (1.31),
respectively. Furthermore, the equalities (2.42), from which we can determine the
coefficients By and B, coincide with the equalities (1.38) determining B; and Bs.
The formula (2.33) for the domain V¥ becomes the equality (1.36) for the domain V,
where we have (1.30), (1.31), (1.37), and (1.38).

Now assume that the theorem holds for the Lauricella function of NV —1 variables
and let us verify (2.39)—(2.42) for the Lauricalla function of N variables. To do this
we use the representation (2.20) for F j(DN) which was established in Proposition 3.
First of all, note that the function w; and the coefficient C; in (2.20) defined in
(2.22) and (2.23), coincide with the function 02/1(00) and the coefficient By in (2.39)
defined in (2.41) and (2.42) for j = 1, that is, the second term in (2.20) satisfies
the equality

Ciuy (a3 b,c;z) = Bl%l(oo)(a; b, c;z). (2.43)
Next we verify that an analytic continuation of the first term in (2.20) (which is
equal to Coug(a; b, ¢;z)) with respect to za, ..., zy gives the sum (2.39) without the
term Bl@/l(oo), that is, we verify the equality

N
Couolasb,c;z) = BoZ, ™ (b, c;2) + Y By (a;b,¢; 2). (2.44)
j=2

Applying the relations (2.39)—(2.42) (which, recall, are assumed to hold for N — 1
variables) to the functions ngfl)(a’l; b—aj;—ki,c—a;—ky;2}) in (2.21), we obtain
formulae for analytic continuation of these functions in the form

N
FY D@0 —ay — ki, c—ay — ki3 2,) = Z/ Ej@;(oo)(a; b,c,ki;zy),  (2.45)
=0
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where the prime on a summation sign means that the term corresponding to j =1
is omitted, the functions %j(oo) are defined by

N
U™ (asb,c. ki 2h) = (H(—zn"“)

=2

1
><F(N)(a2;1+|a|—c+k1,1+|a|—b+k1;z,> (2.46)
1

and
i—1

.
7 @b ki) = (2000 (T
=2

N~ 1
X G(Nil’j) (hj; b— |a17j_1\ — kl, 1-— |a17j\ + b— kl; %_1 (Z/>)’ (247)

1

J=2,...,N,
and the coefficients E = Bj(kl) are
=~ P(c—a1 — k)b — |a] — k1)
Bo(k1) = 2.48
o) = R ar = kT fal = hy) (249
and
~ F(c—al 7]61)].—‘(177 |a1 j_1|—k1)I‘(\a1 j| 7b+k1)
Bi(k1) = : 2 =2,...,N.
i(k1) T(a;)0(b — a1 — k1)T(c — b) ’ e
(2.49)

The quantities Ej and #;_1(1/27) in (2.47) are defined by

h]‘:(ag,...,aj,1,1—C+b,aj+1,...,a]\]), j:2,...,N,

1 Z; 2 1 z; z
J 7 j+1 N .

%_1</ ===, | j=2,...,N.
z) 29 Zj_1 2 Zj Z;

In particular, for j = 2
~ 1 1 =z z
h2:(1*C+b,(13,...,CLN), %(,)(733'“7]\’)'
41 Z2 Z9 z92
Substituting (2.45)-(2.49) in (2.21) and multiplying by Cjy, we obtain

N
Couo(a;b, ¢;2) = 2o(a;b,c;z) + > 2;(ash, ¢ 2), (2.50)

=2

where

car = (@)k (L4 a1 — o),
2i(a;b,c;z) :=Co(—2z1)™ "
i( ) := Co(=21) g::o k! (1+ a1 —b),

" B (k)% (a5b, ¢, hys 24). (2.51)
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We will show that for j =0 and j =2,..., N we have
2;i(a;b,c;z) = Bj%j(oo)(a; b, c;2), (2.52)

where the functions %j(oo) are defined by (2.40) and (2.41) and the coefficients B;
are defined by (2.42).
I) Let us verify (2.52) for j = 0. To do this we transform the right-hand side

of (2.51) for j = 0 and show that it is equal to BO?/O(OO). Setting j = 0 in (2.51)
and substituting the values of %,°" and By from (2.46) and (2.48), we obtain

N
Do(a;b,c;z) = m(—zl)_al (H(—Zl)_al)

=2

" Z (a1) k1 (14 a1 —c¢)g, T(c—ay —k)T'(b—|a] — k)
1+Cl1 _b)k1 F(b—a1 —kl)F(C— |a| —kl)

z;’“F}JN D@1+ |a|—c+ ki, 1+ |a| —b+ki;Z,). (2.53)
The following equalities are obtained using (1.18):

F(b — 0,1)
(1 + a; — b);ﬁF(b —a] — ]4?1)

I'(c—aq)

—(_1\k
(1+a1—c)kll“(c—a1—k;1)7( 1) '

(2.54)

= (71)’61,

Taking them into account, we transform (2.53) into

o= DO (TT ) S (@), DO~ Ja] — k1)
,@O(a,b,c,z)—r(b)(ll;[l(—zl) )kgo ;;f F(cf\a|—k1)

zl_le,(ijl)(a’l; L+lal —c+ki, 1+ |al — b+ ki;2}). (2.55)

Expressing the functions F' j(ijl) in (2.55) in terms of the hypergeometric series (1.4),
we obtain
N
I'(c)
Q b : = — —ap
O(a7 7C7Z) F(b) (l];[l( Zl) )
i L(b—la| = k1)1 +]a|l = ¢+ k1) ko | (@1)k, - (N )y T,
k=0 L(c—la| —k1)(1+[a| = b+ K1)k, v Bl kyl 1 N

(2.56)

Now we can use the equalities (which follow from (1.18))

Pb—la|—k) _ /o L(0—]al)
(L+lal = b+ ki) v (L+al =b)p
Ple—lal-k) _/ j\ou_Lle—]al)
(1+|a|—c+k1)|k27N| 1+|a|—c)|k|
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and rewrite 2y in the form

N
hfait0) = LGH (E<—zz>‘“’)FéN)<a; L+ Jal = ¢, 1+ [a] — b;27Y),

so that in view of (2.40) and (2.42) we arrive at the equality (2.52) for j = 0.

IT) Next we verify (2.52) for all j = 2,...,N. To do this we transform the
right-hand side of (2.51) to the form Bj%j(oo). Substituting into (2.51) the expres-
sions from (2.47) and (2.48) for @;(Oo) and Bj, j =2,..., N, we obtain

Tl —a i YA =
240069 = T e T ) (M=)

=2

> Z a’l k‘l 1+a1 )k‘l

1+a — b)kl
% F(C —a; — kl)F(b — \a17j71| — kl)I‘(|a17j| —b + kl)
L(b—ar — ki)
_ 1T 1
21 le(N Li=1) (hj;b — |a1’j,1\ — 1{31, 1-— |al)j‘ + b— k1; @jfl (Zﬁ))

(2.57)

Transforming this and taking (2.54) into account, we obtain

. . — F(C) al j—1|— = —ay
R R = i O )

=1

k1
.
X Z le b—lai;—1] = k)T(lay ;| — b+ ki) (-1 (j)

k1=0

) ~ 1
X G(N_l’]_l) (hj;b — \a1’j71| — /{‘17 1— |a1’j| +b— ]{31; @jfl (Z/>> (258)

1

Expressing the functions G(V=17=1) in (2.58) as hypergeometric series (2.31),

. ~ 1
G (hj; b—layj—1|—ki,1—|ay;|+b—ki; %) (z’)>

1

_ i (b—larj—1] = k1) v~ ko ;11 (@2) ks - (L — €+ D)g; - - (an )by

e =0 (L0 = [anl = k)i, i —fia ;1 R2! - k!

. k}z . k)j71 k‘]‘ . k:]’+1 k?N
)
Z92 Zj—1 Zj 24 Zj
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we get that

F(C) — lai,j—1]—b g )W
NOECH NG < L) )

y i (b —laij—1| = k)L (Jar ;[ = b+ k1)(b — a1 j—1] = k1), x|~ ko]
o (1= far;[ 4+ b= K1) i n|—lkaa|

(@)p, (L —c+b)x, - (an)ry L
X kol key! (=1)f

i kl . k]‘71 k‘]‘ . k‘]‘+1 k}N
z1 Zj—1 Zj Zj Zj

2i(a;b,c;z) =

From the equalities

L(b—larj—1| = k1)(b = [a1j—1] = K1), n |~ ko s 1|
=T(b—lai;-1)(b— |al,j—1|)|kj,1v\*\k1,j—1|’
I(lai;| —b+ k1) _(—1)m I'(ay ;[ —b)
(1—lay [ +b— kl)lkj,le\kz,j—ll (1 —Jau |+ b)lkj,le\kl,J‘—ﬂ ’

we can rewrite 2; as

DT — a1 )Tl b)
e, DO (e — b)
j—1
(a0 )G (g~ fan gl 1= | 45 %5 7),
=1

2(a;b,c;z) =

X (—Zj)lalell—b(

and thereby verify (2.52) for all j =2,..., N.

Substituting (2.43), (2.50), and (2.52) into (2.20), we obtain the required repre-
sentation (2.39) for the Lauricella function.

The fact that the functions %(00)7 j=0,..., N, are solutions of the Lauricella
system of differential equations (1.5) can be checked by direct substitution of (2.40)
and (2.41) into (1.5), and Theorem 2 is proved. O

Let Sy be the symmetric group on an N-element set, and let o(z) be the result
of the action of some o € Sy on the vector z, that is, the vector obtained by
a rearrangement of the components of z. Using Theorems 1 and 2, we can establish
by simple arguments formulae for analytic continuation of the Lauricella function
into domains of the form

N ._ N, N N ._ N. N
Voo =12€C:0(z) €V} and V) :={ze€C":0(z) €V},

respectively, where ¢ is an arbitrary element of Sy. In fact, bearing in mind the
equality

F (@b, ¢:2) = F,(o(a);b.c:o (), (2.59)
which is a direct consequence of (1.4), and the observation that the inclusion
z € VY (orz € V) means by definition that o(z) € VY (respectively, o(z) € V),
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we see that an analytic continuation of F gv) into the domain Vé\{g (respectively,
into V) is realized by the formula (2.35) (respectively, (2.39)), where the vector a
on the right-hand side is replaced by o(a) and z is replaced by o(z). Further-
more, the functions %q(’?o)(a(a); b,c;0(z)), q,7 = 0,..., N, obtained from (2.36)
and (2.37) by the permutation o € Sy of the components of z and a, are linearly
independent solutions of the Lauricella system of differential equations (1.5).

2.3. Analytic continuation into a neighbourhood of zg’o).

2.3.1. The hypergeometric series 22N-P) and Q;N’p ) and their convergence domains.

In this subsection, for the function F I(DN) (a; b, ¢; z) with arbitrary N > 2 we present
a complete set of formulae for analytic continuation of the form (1.27) into a neigh-
bourhood of the points zz(,l’o) € CV, wherep=1,...,N.

We start by writing the hypergeometric series that appear in the formulae for
such continuations. It will be shown below in §§2.3.2 and 2.3.4 that in the process
of analytic continuation there arise not only the series GV+/) defined by (2.31) but
also the two N-variate hypergeometric series

> b
PN (a;b, ¢1, e 7) i= () (a)'kzk, (2.60)
k|=0 (Cl)lkl,pl(@)\kpﬂw\ k!
= (b i (aj + |k :
Q;N’p) (a, b, e Z) — ( ))\(k,pd) (a] | P+1,N‘)kj (a)|k Zk, (261)
a0 ©raep) (a;)k, k!

where j =1,...,p, the quantities |k, ;| are defined in (2.29), and
Ak, p, 7)== [Kjp| — (ka1 (2.62)

The convergence domains P(V-?) and Q;N’p ) of the series 2VP) and Q;N’p ), j=
1,...,p, respectively, are defined by

PNP) = {zcCV:|zg|+ |zl <1Vs=1,...,p, Vi=p+1,...,N}, (2.63)
and

(@;N’p) ={zeCVN: |zl <1, s=1,...,p; |zj| + |z <1Vi=p+1,...,N}
(2.64)

It is easy to see that for p = N the series 22(VP) coincides with the definition (1.4) of
the Lauricella function F’ é,N), and Q;N’p ) becomes the series G(V+4) given by (2.31).

2.3.2. A formula for analytic continuation with respect to z; into a neighbourhood
of (1,0,...,0). Assuming that ¢ —a; — b is not an integer and writing the integral
in (2.18) as an (infinite) sum of the residues at the simple poles s,(cl) and s,(f) of g(s),

k € Z*, we arrive at the following result.
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Proposition 4. If the function FE)N) (a;b,c;z) given by (1.4) has parameters such

that c— a1 —b is not an integer, then an analytic continuation of it into the domain
N {1l = 2| +z <1, j=2,...,N; |arg(l1—2;)| <7 j=1,...,p}

is given by
Fi(a;b, ¢;2) = Dovo(as b, ¢;2) + Dyvs (a3 b, ¢;2), (2.65)

where vy and vi are defined by

k N-1
o(a; b, ¢;z) Zk' +a1—|—b—c) (1— 2 FY V(@b + ke — a1; 7))

(2.66)
and
P
(tciz) = (1)t ([0 -7
1=2
XQ&N’p)<c|aLp|,a2, any;c—bl+c—a; —b
1-—- 1-—-
1—21, Zl,.. 5 Z1,2p+1,...,ZN (267)
12 71—z
(here |ay p| = > 1, a;) and the coefficients Dy and Dy are
I'(c)I'(c—a1—b I'(c)T b—
py = Llle—ai=b) o p L@@ tb=c) (2.68)

I'(c—a1)l(c—1b) T(a1)T'(b)

The convergence of the series (2.66) for vy in G can be proved using methods
described in [13]. The representation (2.67) for v; holds in GV because if z € GV,

then the argument of the function QgN’p ) in (2.67) is easily seen to vary in the

domain QgN’p ) defined in (2.64). The case c—a; —b € Z excluded in this proposition
is a resonant case for the Lauricella system (1.5) and must be considered separately
(see §2.5), because (2.65)—(2.68) are easily seen not to be applicable and must be
modified.

2.3.3. Auxiliary notation. Proposition 4 provides an adequate representation for
the Lauricella function FEN) (a; b, ¢;z) in the case when 2z is close to 1 and the other
variables z;, j = 2,..., N, lie in the unit polydisk. Before we derive formulae for
analytic continuation of F I(DN) with respect to the variables z;, j = 2,..., N, into
a neighbourhood of 1, we define the vectors

1—-z:=(1-21,...,1—2n),

2.69

1—zy:=1—21,....1— 2y, Zp+1,- -, 2N), ( )
rp, =1,(2) == (21,...,2p),

8ip ‘= (CLl,. cea5-1,C— \al,p|,aj+1, cen 7CLN)7 (270)

g =gjn = (a1,...,a;_1,c— |a],a;41,...,an)
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(here the quantities |a, ;| are given in (2.25)), and the transformations of z

Q@N’p(z) = (Z(1 —1p(2)), 2pt1s- -+ 2N), ji=1,...,p, (2.71)

where %] is given by (2.27), that is,

1—2’1 1—2'_1 1—2z; 1—2z;
(1 — = 1 . 4 2.72
(1= nyfa) = (T2t T sy i) 27
for j=1,...,p, while forp = N
1— 11—z 1—z 1—z
V(1 -1z) = 2R e o STl (2.73)
172]’ 172]‘ 172]'4_1 172]\]

for j=1,...,N. Let KZI)V be the domain

={zcCV:0<|l—zn|<- <|1—2|<1;
|1 —zs| + |z <1, Jarg(l — z5)| <7 Vs=1,...,p, Vi=p+1,...,N}.
(2.74)
For p = N we set K := K%.

2.3.4. Formulae for analytic continuation ofFj(jN) into a neighbourhood of (1,...,1,

0,...,0). Applying Proposition 4 to the functions F( Dy n (2.66) and to similar
functions of fewer variables arising as a result, we arrive at the following theorem,

which leads to an analytic continuation of the Lauricella function F EN) (a;b,¢;2)
into the domains KJY' defined by (2.74).

Theorem 3. If the Lauricella function FJ(DN) has parameters such that
Ci|a1,j‘7b¢z7 jil,...,p,
that is, none of the numbers c — |a; j| — b are integers (here |a; ;| = Z{Zl ap), then

an analytic continuation of the series (1.4) into the domain Kév s given by

FBN) ib,c;2) ZAPf%(l 0) (a;b,c;2), (2.75)

where the functions @/p%’o) are defined by

%p(yé’o)(a; byc;z) = PNP (a;b, 1+ |ay ,| +b—c,c— |ai,p); 1 — 2p) (2.76)

and for j=1,...,p

p
%p(;-’o)(a; b,c;z) = (1 — zj)c—al,jl—b< H (1-— Zl)_‘”)

1=j+1
x 2P (g e —lan 1| — b1+ c— Jay;| — b, 27 (2)),
(2.77)
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the series 2NP) and Q§N’p) are defined in (2.60) and (2.61), the vectors g;, 1 —zy,

and Q‘}N’p(z) are giwen in (2.70), (2.69), and (2.71), (2.72), and the coefficients Ay, ;

are

[(c)l(c — |aip| = b)

(e —layp)T(c—b)’

L)l (c—Jar; 1| = b)l(las;| +b—c) .4
T(a;)T(b)T(c = b) LT

Apo =
(2.78)
Ap-,j =

The functions (2.76) and (2.77) are linearly independent particular solutions of the
Lauricella system of differential equations (1.5).

Theorem 3 yields formulae for continuation of FgN) into the domain K%, that is,
into a neighbourhood of 1 with respect to all the variables z;. More precisely, the
following theorem holds.

Theorem 4. If none of the numbers ¢ — |ay ;| — b, j = 1,...,N, are integers

(here |a; ;| = Z{Zl ay), then an analytic continuation of the series (1.4) into the
domain KV is given by

N
FEN) (a;b,c;2) = Z Aj%o(l)(a; b, c;z), (2.79)
§=0
where the functions ?/0(1) = 02/]\(,%(’)0) and %(1) = %]\(,%}O) are defined by
%M (a;b,¢;z) = FN (@b, 1+ |a| +b— ;1 — z), (2.80)

and for j=1,...,N by

N

st ciz) = (1) (] )
l=j+1
x GN9) (gjie—larjo1| — b, 1 +c—|ai;| — b, (1 - 2)), (2.81)

FEN) and GV in (2.80) and (2.81) are the respective series (1.4) and (2.31), the
vectors g;, 1 —z, and #%;(1 — z) are defined in (2.70), (2.69), and (2.73), and the
coefficients A; are

L(c)T'(c—|al —b)
I'(c—|a))T(c—b)’
()T (c — |aij—1] = O)I'(lar;[ +b—¢)

A = Ta,)T(B)T(c —b) A

Ap =

(2.82)

The functions (2.80) and (2.81) are linearly independent solutions of the Lauricella
system of differential equations (1.5).

Theorems 3 and 4 are proved by induction on the number of variables of the
Lauricella function. These proofs are quite similar to the proof of Theorem 2, and
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we do not give them here. The restrictions on the parameters of F I(DN) in Theorems 3
and 4, which exclude resonant cases, can be circumvented, for instance, by carrying
out suitable limiting procedures or by using the approach in [61] (see also §2.5).
It follows from Theorem 3 and the equality (2.59) that formulae for analytic con-
tinuation of Fl()N)(a; b, ¢;z) into domains of the form K, := {z € C": o(z) € K]/},
where the K are defined by (2.74) and o € Sy, have the form (2.75) with a
replaced by o(a) and z replaced by o(z) on the right-hand side. Furthermore, the
functions %p(,;’o)(a(a);b, c;o(z)), p,j = 0,...,N, obtained from (2.76) and (2.77)
by applying the permutation ¢ € Sy to z and the parameter a, are linearly inde-
pendent particular solutions of the Lauricella system of differential equations (1.5).

2.4. Analytic continuation into a neighbourhood of z(1”°°’0). In this sub-
section we give a complete set of formulae of the form (1.27) for analytic continu-

ation of the function Fl()N) (a; b, c;z) with arbitrary N > 2 into neighbourhoods of

the points zz(,%gfo’o) € @N7 p,q=0,...,N.

2.4.1. The hypergeometric series .FN:»m) %JgN’p’m), and jfj(N’p) and their con-
vergence domains. We start with generalized hypergeometric series involved in the
formulae for such an analytic continuation. First we introduce notation for the fol-
lowing quantities, which are expressed in terms of the partial sum (2.29) of compo-
nents of the multi-index k:

(k,pa ) |k1’P |kp+17j| + |kj+1,N|7 /j/(k7pa]) = _%(kapaj)a
T(k,p,J) = [Kpt1,5] — [Kj1,n]-

(2.83)

The required hypergeometric series .Z NP (a; b, ¢y, ¢2; 7), gj(N’p’m) (a;b,c;2), and

NP (a; b, c;z) are defined by the following formulae, where we use the notation
(2:29), (2.30), (2.62), and (2.83):

o0
b T m
FNPM) (a:h ¢y, co2) = QLT (a),kzk (2.84)
o (Cutepm)(€2),| - K
GNP (asb, ¢ z) = o~ (Dagep) (a5 + Kmir N = Kprmr, (a)kzk,
k|=0 (C))\(k,p,j (aj)k'j k!
(2.85)
() sk (a; + 1k .
%?(N,p)(a; b, ciz) = Z (0)se(k,p,g) (a5 + [K1p|)i, (a)kzk. (2.86)

|k|=0 (C);((k,p,j) (aj)kj k!

In (2.85) we assume that j can take the values 1,2, ..., p, while in (2.86) it can take
the values p+ 1,p+2,..., N, and the index m in (2.84) and (2.85) also lies in the
segment from p+ 1 to N.

Proposition 5. The series (2.84), (2.85), and (2.86) converge in the domains
FN-pm G;.V’p’m7 and ]I-]I;y’p7 respectively, which have the representations

Frem = | ) FNeme), 6Pt = | GYPT(e), HYT = | HYP(9),
6€(0,1) 6€(0,1) 6€(0,1)
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where for each § € (0,1) the auziliary multicircular domains FN-Pm(§), Gév’p’m(é),
and H;V’p(cS) are defined by

FNPm(§) = {z € CN: |2,] <8, s=1,...,p; |a] < (14+6)7",
l=p+1,...,m; |z <1-9, g=m+1,...,N},
Gév’p’m(é) ={zcCV: |zl <1, l=1,....p, L #3, |z] <6
lzs] < (14+ 67 s=p+1,...,m,
lzs| <1—-0, s=m+1,...,N},

and

H;V’p(é) ={zeCV:|z|<d, l=1,...,p, 7] <1-0;
|zs] <1, s=p+1,...,N, s#j}.

Proof. To prove the above convergence properties we use the approach described, for
instance, in [13]|. For each of the N-variate hypergeometric series (2.84)—(2.86) we
consider the set of conjugate radii of convergence, which are positive quantities r;,
j = 1,...,N, such that the corresponding series converges for |z;| < r;, j =
1,..., N, and diverges when the reverse inequalities hold (see [155] and [156] for
details on the convergence of N-fold power series). Following [13], we calculate the
quantities r; for the series (2.84)—(2.86) by the formulae

ry = 1®;(k)| 7",

where

, Alkr, o ki 41,k ,
B0 = tim fy(ek), g0 = A b,

A(k) = A(kq,...,kn) being the general form for the coeflicients. For example,
consider the series (2.84), with coefficients of the form

(b)T(k,p,m) (a)k .

A(k) =
()uepm)(€2)je, | K
We see that
k
Ts:7| ;,p fOI‘SZl,---7p,
r for l=p+1
r = or t =p U
| |kp+1Jn| = |km+1,n] ’
k ml| = km
el =Pl [
r
where 7 := | [kip| = [kp+1,m| + [Knps1,v|[- Hence (1+75)rm =1 and rg —ry =1

for s, [, and ¢ in the indicated segments. In this way we show that the series (2.84)
is convergent on each set FV:»™(§) for § € (0,1), and therefore on FV»™  The
proof of the other two assertions of the proposition is similar. []
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2.4.2. Domains and elementary transformations. Let

WNpm U WN-Pm(5), (2.87)
5€(0,1)

where for each fixed § € (0,1) the auxiliary domain W2 (§) is given by

WP (§) = {ze CN:0< [1—z1| <+ < |1 — 2| < 6;
arg(l—2)| <7 j=1,....p;
|2pt1] > - > |zm| > 14 6;
|arg(—z;)| <m, j=p+1,...,m;

|zjl <1—=46, j=m+1,...,N}. (2.88)
Here the integer parameter p takes the values 0,...,m, where m = 0,..., N, and
if p =0, then in (2.88) there are no restrictions on the variables z; for j =1,...,p,
while if p = m, then there are no restrictions on the z; for j =p+1,...,m.

We define cone domains coinciding with WV-»™ up to certain symmetries by
Whpm .= {7 € CN: o(z) € WVPmY (2.89)

where we recall that o(z) is the result of the action on z of some element o of the
symmetric group Sy over an N-element set.
For the vectors r,(z) in (2.70) and for

Spm = sp,m(z) = (Zp+1, ceesZm) (2.90)

the transformations analogous to (2.26) and (2.27) and compositions of them are
defined in an obvious way. For example, we have the equality (2.72) and

_ Z; Z; 1 =z z .
Y (s} _< R & m> =p+1,...,m. (291
J( p,m) Zpi1 Zj,1 Zj Zj Zj J ( )
We will also use the auxiliary functions .,@?(N’p ™) (z) defined for m = 1,...,N

and p,j = 0,...,m by the formulae

%(N’p’m)(z) =(zn—1,...,2p — l,z;ﬁl, oz 2t 2N), (2.92)

g Npm) (z) :== (#%;(1 — rp(z)), zp_jl, 2 Zmg s 2N) (2.93)

for j=1,...,p, and

2N (5) = <lej ! ,...,szj L ,@j(sn}n),zm+1,...,zN) (2.94)
for j = p+1,...,m; here we have used the definitions (2.72), (2.90), and (2.91),
and expressions of the form f = (p1,...,pn,q) or f = (P, q1,...,¢m), Where p =
(p1,---,pn) and @ = (q1, - - -,qm), mean that £ = (p1,...,Pn,q1, -+, qm). L p=0,
then we use the equalities (2.92) and (2.94) to define the functions fZ}(NW ™) (z),
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but if p = N, then these functions are found from (2.92) and (2.93), while (2.94) is
not used in the definition.

Now consider the vectors g;., and h;,, which are expressed in terms of the
parameters aq, ..., ay, b, and c of the Lauricella function by means of the equalities

gjvm = ((11, . .,G,jfl,C— |a1,m\,aj+1,. . .,GN) (295)
for j=1,...,p and
hj,p = (al, . .,aj_l,l —c+ \al7p| —|—b,aj+1,. . ,aN) (296)

for j = p+1,...,m, where the quantities |a, ;| are defined by (2.25). In §2.4.3 the
vectors (2.92)—(2.94) and (2.95), (2.96) play the role of the variables and the param-
eters, respectively, of the generalized hypergeometric functions used in the formulae
for analytic continuation of the series (1.4).

2.4.3. Formulae for analytic continuation. Using Theorem 1, we extend the func-
tions %p(;,o) mentioned in Theorem 3, j =0, ..., p, into a neighbourhood of infinity
and thereby obtain formulae for analytic continuation of the Lauricella function

Fl(jN) into a neighbourhood of the point z,(,%gfo’o).

We express the definitions (2.60) and (2.61) of the series 2(N:P) and ,@§N’p) in
the form

«@(N’p)(a'b 1 02'z) _ - (b)lkl,p| (@1)k, "‘(ap)kp
- [k1,p|=0 (e, Kbyl
X Z{cl e ngFéNip)(az)-ﬁ-la <o AN b+ |k1,p y C25 Zp41sy vy ZN)7
NP (a:h, ¢ 7) = O)rgeps) (@1)k: -~ (ap)k,
! [k|=0 (C)A(k,.’l’aj) qlee- kp!
xzk1~-szF(N_p)(a ca; + ki a
1 p * D p+13"'7aN7aj+ j,ajﬂzp+1?"')ZN),

and then we represent the functions %p(;,o)’ j=0,...,p, given by (2.76) and (2.77)
in the form

- )k | (a1)k, -+ (ap)k
%(1,0) b, c; _ ( |k1,p 1 p)kp
ho @bz = 3 (It Ay +b— ey K-kl

|k1‘p‘:O
x (1— zl)kl (1 - zp)kf’
X FI(Dpr)(ap_,_l, coan; b4 kgl e —lapli Zpt1s -, 2N) (2.97)
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and

P
%P%’O) (asb,¢;2) = (1 — Zj)c_lal‘j_b< H (1- Zl)_al>

l=j+1

o (c—lai 1] = O)agepy) (@1)r, - (c— a1 p))e, - (ap)k,
3 (

oo (e~ langl = Dagep.) Fal - k!
k e N )
X <1Zl> 1(123—1> ’ 1(1zj)kj<1zj> .]H...(lzj) p
L% 1=% L=zjp 1—z,
< FS P apsr,. . anie — [aypl + kje = [l zppn, - 2n)e G=1,....p.

(2.98)

Continuing the functions F l()N_p ) in (2.97) and (2.98) analytically by the formulae
(2.35)—(2.38), we arrive at the following result establishing formulae for analytic
continuation of Fg\’) (a; b, c;z) into the domains W™ of the form (2.87), where
below we use the notation from §§2.4.1 and 2.4.2 and the quantities |a, ;| are

defined by (2.25).

Theorem 5. If none of the numbers

C_|a1,j|_b7 j:17"’7p7 b_|ap+1,j7 ]:p+177N7

are integers, then an analytic continuation of (1.4) into the domains WNP™ with

arbitrary m =0,...,N and p=0,...,m is given by the formula
Fy(aib,cz) = > AP NP (b, ¢ 2), (2.99)
§j=0

where for j =0,...,p the functions %(N’p’m) are defined by

U™ (@;b, 5 2) = < H (Zz)a’>
l=p+1
x FNPM (@514 arm| = ¢, 1+ [api1m| — b, 1+ [a,| +b— c; 257" (2),
(2.100)
p m
AN b)) (] a-a) (] )
l=j+1 I=p+1
x GNP (g5 e — Jag joa| — b1+ — Jag | — b 2P (2)), (2.101)

and for j=p+1,...,m they are defined by

j—1
%P (a3b, ¢ 2) = <—zj>af’+1’-"1"b< 11 <—zl>‘”’>

l=p+1
X ‘%?(N’pmﬂ (hj,pé b—lapti,j-1], 1 +b— |apt; Q?‘(N,pM) (Z))7 (2.102)
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the series FNpm) %(N’p’m), and %?(N’p) are defined in (2.84)—(2.86), and the

vectors Q?(N’p’m)(z), gjm, and h; ,, are given in (2.92)—(2.96).
For j =0,...,p the coefficients A?’m in (2.99) are

LT — |aps1,m)T(c = |a1,p[ = b)

AR = )
()T (c — |ar,m|)T(c—b) (2.103)
qom _ DOT (e —Jarj—1| = O (Jar [+ b —¢) i=1...p
? [(a;)L()I(c —b) ’ o
while for j =p+1,...,m they are
g~ DODO By Dy 1] =) 2100

[(az)T(0)L(c - b)

The functions %(N’p’m) given by (2.100)—(2.102) are linearly independent solutions
of the Lauricella system of differential equations (1.5).

The proof of the formulae (2.99)—-(2.104) for analytic continuation uses induction
on the number of variables of the Lauricella function and is quite similar to the
proof of Theorem 2. We can see that the functions %j(N’p’m), j=0,...,m, are
particular solutions of (1.5) by substituting (2.100)—(2.102) directly into (1.5). The
restrictions on the parameters of the function F éN) in Theorem 5, which exclude
resonant (logarithmic) cases, can be circumvented by means of suitable limiting
procedures or by the approach in [61] (see also §2.5).

Using simple arguments, we can deduce from Theorem 5 formulae for analytic
continuation of the Lauricella function into the domains WY-»"™ defined by (2.89)
form=0,...,N,p=0,...,m,and o0 € Sy, where we recall that Sy is the symmet-
ric group over an N-element set. In fact, in view of the symmetry property (2.59)
of the Lauricella function, which is a direct consequence of the definition (1.4), and
the fact that z € WY»™ means by definition that o(z) € W™ we see that
an analytic continuation of F EN) into the domain WY:»™ is realized by the for-
mula (2.99) with the parameter a replaced by o(a) and the argument z replaced
by o(z) on the right-hand side (that is, in the coefficients AY™ = A%™(a;b, ¢; 2)
and the functions %(N’p’m)(a; b, ¢;z) given by (2.100)—(2.104)). Also, the functions

%Ef’p’m) = %J.(N’p’m) (o(a);b,c;0(z)) obtained from (2.100)—(2.102) by applying
o € Sy are linearly independent particular solutions of (1.5).
We can show that

AN = (7™ m=1,... N, p=0,...,m, o€ SV} (2.105)

is a complete set of solutions of the Lauricella system of differential equations (1.5)

in the domain W := Um,p,o WS,N”””L). For N = 1 the functions in A®) become
the well-known solutions found by Kummer for the classical hypergeometric equa-
tion [30], [31]. For N = 2 such a system of solutions was constructed in [10] and [11],
and for N = 3 it was indicated in [13], apart from certain exceptions. For N > 3

the complete set of functions in AN was found in [57]-[60].
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2.5. Logarithmic case. As mentioned above, the formulae in §1.3 for analytic
continuation of the Gauss function, as well as the formulae in Theorems 1-5 for con-
tinuation of the Lauricella function, must be modified for the special resonant sets
of values of the parameters. Such resonant cases requiring special consideration
are also said to be logarithmic because the solutions of Gauss’s equation (1.3) and
of the Lauricella system of differential equations (1.5) contain logarithmic terms
in addition to power terms. We start with several known results for the Gauss
function.

2.5.1. Analytic continuation of the Gauss function in the logarithmic case. If the
parameters a, b, and ¢ of the hypergeometric equation (1.3) are such that ¢ —a —b
is an integer, then we cannot define two linearly independent solutions ugl) and uél)
of (1.3) using (1.28) and (1.29). In fact, if ¢ —a — b =0, then it is easy to see that
the right-hand sides of (1.28) and (1.29) are equal. Further, if c —a —b € Z\ {0},
then the third parameter of some function F' in these formulae is a non-positive
integer —m, and all the terms of the hypergeometric series (1.1) for this function,
beginning with the mth, become infinite. Clearly, an analogous remark also applies
to (1.30) and (1.31), which do not define two linearly independent solutions ugoo)
and uéoo) for integer b — a.
In the above special cases, when at least one of the relations

c—a—beZ, b—a€cl

holds for a, b, and ¢, a solution of the hypergeometric equation (1.3) contains log-
arithms of z and 1 — z in addition to powers of them. To define analogues of the
canonical solutions (1.28)—(1.31) in the logarithmic case it is convenient to consider
the series

m—1 ( ) ( )
a)k b k
Flfg(a,b; 1-— m; Z) = E 7](;' (1 m)kzk
k=0

(2.106)
where the numbers ki (a,b,m) are defined by

h;:(a7b7 m) = TLk - ¢(b+ k)? h];(aabv m) = TLk - 11[}(1 —b— k)7

~ (2.107)
hi =91 —m+k)+ (1 +k)—vla+k),
Y(s) =T"(s)/T(s) being the logarithmic derivative of the gamma function, with the
first sum in (2.106) taken to be 0 for m = 0 and 1 for m = 1. Using the series Flfg
defined by (2.106) and (2.107), we can simplify the standard notation for canonical
solutions and the formulae for analytic continuation that can be found in [30], for
instance.
Let ¢ = a + b+ m, where m € Z% is arbitrary. Then the following functions
play the role of the canonical solutions (1.28) and (1.29) of the equation (1.3) in
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a neighbourhood of z = 1:
ul(a,b;a+b+m;z) = Fl(a,b;1=m;1 - z), (2.108)
ugl)(a, bia+b+m;z)=(1—2)"F(a+m,b+m;1+m;1—2). (2.109)
On the other hand, if ¢ = a + b — m, where m € ZT, then
ugl)(a,b;aerfm;z):F(a,b'ler'lfz), (2.110)

uél)(a,b;aerfm;z):(lfz) mFlj)'g( —m,b—m;1—m;1—2). (2.111)

Let b = a + m for some non-negative integer m. Then the role of the canonical
solutions (1.30) and (1.31) of (1.3) in a neighbourhood of z = oo is played by

(

uloo)(a,a+m;c;z) (—2) " Fgla,1 —cta;l—m;zh), 2.112)

ugoo)(a,a—i—m; c;2)=(—2)""""F(a+m,1 —c+a+m;l+m;z"t). (2.113)

ugoo)(b+ m,b;c;z) = (—2) " "F(b4+m,1 —c+b+m;l+m;z 1), 2.114)

(

(
But if a = b+ m, where m € Z*, then the system of canonical solutions of (1.3) is

(

(2.115)

u(Qoo)(b+m,b;c;z): (—2)7"° 10g(b 1—c+b1—m;z 1.

The functions ug-l) and u] ) defined by (2.108)—(2.115), j = 1,2, form a basis
for analytic continuation of the series (1.1) into the exterior of the unit disk in the
case when the parameters a, b, and ¢ are connected by the above special relations.
Namely, the formula for analytic continuation of F(a,b;¢; z) into the domain (1.33)
in the case when ¢ = a + b+ m for m € Z* has the form

T(a+b — 1)1
F(a,b;a-l-b—i—m;z):Alugl)(a,b;a—kb—i—m;z), A = (a+b+m)(m—1)

Tla+m)T(b+m) ’
(2.116)
where ugl) is given by (2.108), while if ¢ = a + b —m for m € N, then
I'la+b— -1
Flabiatb—m:z) = A (a,bia+b—miz),  Ay= 0¥ r(a)?(gl )

(2.117)
The formula for analytic continuation of the series (1.1) into the domain (1.36)
in the case when b = a +m with m € Z* has the form

LOm =Dt o 1)

Flaa+mie ) = Buf™ (o atmies),  By= g S

where the function ugoo) is given by (2.112). But if a = b+ m with m € N, then

a continuation into the domain (1.36) is given by

T'(c)(m —1)!

F ;G B By =
(b+m,b;c; 2) = 2u2 (b+macz) 2 = T mTc—0)’

(2.119)

where the function uéoo) is defined in (2.115).

Note that the formulae (2.116)—(2.119) for analytic continuation in the logarith-
mic case contain only one canonical solution of (1.3), while in the general case the
right-hand sides of (1.34) and (1.37) involve two canonical solutions.
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2.5.2. Analytic continuation of the Appell function Fy in the logarithmic case. In
Theorems 1-5 giving formulae for analytic continuation of F' j(DN) the restrictions
on the parameters of the function exclude the resonant, or logarithmic case. We
discuss this case in this subsection.

We show the necessity of a separate discussion of this case by taking the example
of Theorems 1 and 2. We will show that the formulae (2.35) and (2.39) for analytic
continuation cannot be used directly in the case when for some index k£ and some
integer m we have

b—lay k| =m, m € Z. (2.120)

Note that the formulae (2.35) and (2.39) in Theorems 1 and 2 for analytic con-
tinuation into domains with large absolute values of the variables z; contain two
types of hypergeometric series FBN) and GNJ) j = 1,... N, defined by (1.4)
and (2.31), respectively. It is easy to see that non-positive integer values of ¢ are
‘singular’ for the Lauricella series (1.4). In fact, if ¢ = —m with m € Z*, then
from the definition (1.2) of the Pochhammer symbol it follows that all the terms
in (1.4) with |k| (the sum of the components of the multi-index) greater than m
become infinite. As regards the series GV, j = 1,..., N, non-positive integer
values ¢ € Z~ and positive integer values b € N are singular for them. Recalling
also that the gamma function I'(s) has poles at s € Z~, we easily see that if for
some index k the restrictions on the parameters of the Lauricella function indicated
in Theorems 1 and 2 do not hold, so that b — |a; x| = m for some m € Z, then the

quantity Bq7k%q(;°’0) and one of the neighbouring terms in the formula (2.35) are

not defined, and similarly, the quantity Bk%k(oo) and one of the neighbouring terms
are not defined in (2.39). Hence, if in Theorems 1 and 2 the conditions imposed
on the parameters are not satisfied, so that a resonant case occurs, then the cor-
responding representations (2.35) and (2.39) cannot be used. In particular, the
formula (1.50), (1.51) for analytic continuation of the Appell function F; (which
is the special case of Theorem 2 for N = 2) cannot be applied directly. Thus, the
resonant case of values of the parameters must be considered separately.

To construct formulae for analytic continuation of the Lauricella function FI(DN) in
resonant cases, we use first of all the Mellin—Barnes representations in Propositions 1
and 2, and then with their help we obtain analogues of Propositions 3 and 4. Here
one must take into account that the integrands in the formulae (2.3) and (2.18)
have not only simple but also double poles. The rest of the argument is mostly the
same as in deducing the analytic continuation results in Theorems 1-5.

In this paper we do not write out the complete set of formulae for analytic contin-
uation of FEN) in the resonant case. In § 5 we use such formulae (for resonant cases

of the parameters of FEN)) for high-precision calculation of the parameters of the
Schwarz—Christoffel integral when there is crowding. One example here is a modi-
fication of the formula (1.50) for analytic continuation of the Appell function Fj in
the logarithmic case (for a complete set of formulae for analytic continuation of Fj
see [61]).
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We start with the following analogue of the function G in (1.40) for non-positive
integer values of c:

[e%) m-+k—1 b .- ’ .
Grogla,a’sb,1—m; z,¢) = Z{ > ((1)_ n’;ga)klfz';,zk("
P k!l

n=0

Jrﬂ Z ((b)n—k(a)k(a/)n [%,;nlog(C)]ZkCn}v (2.121)

! n—k—m)lkln!
n=m-+k

where the quantities >, are given by
Sy =YL +n) +p(L—m+n—k) =l —ad —n)+b+n—k). (2122

Now let b = a + m, where m € Z™*. In this case the following three functions are
the analogues of the solutions (1.43)—(1.45):

/

% (a,asa+m, ez, 0) = (—2) (=)~

11
><F1<a,a’;l—c+a+a’,l+a'—m;Z,C), (2.123)
U (a,dsa+m,cz,0) = (—2) " (—=¢) ™
1
xGlz)g(a,l—c—&—a—l—m;m,l_a’_,_m;2,4), (2.124)
2 (a, d'; o ) = ()b 2 L¢
o (a,d5a+m,c2,0) = (—2)""F 1—c+a+m,a,a+m71—|—m,;,; ,
(2.125)

where the generalized hypergeometric series G\, is defined in (2.121), (2.122).
A formula extending the Appell function Fj into the domain V2 defined in (2.33)
has the form

Fl(a7a/; a—|—m,c; Z?C) = BO%O(OO)(av 0,,; a’+m7c; 2, C) +Bl%1(00)(a7a/; a+ma ¢z, C)a

(2.126)
where the coefficients By and Bj are
B L(e)l'(m —a’) _ T(egT(a" —m)(m —1)!
Bo = I(a+m)I'(c—a—a) and B = C@)T(a+m)I'(c—a—m)’

Note that only two (of the three) linearly independent solutions of the system Eg)
are involved in (2.126).

3. Jacobi-type formulae for the Lauricella function ng)
and their application to the Riemann—Hilbert problem

3.1. Jacobi identity for the Gauss function F'(a, b; ¢; z) and its generaliza-
tion for F](DN). In Gauss’s equation (1.3) we replace the parameters a, b, and ¢ by
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a—1,b—1, and c¢—1, respectively, so that the function u(z) = F(a—1,b—1;¢—1; 2)
is now a solution, and we rewrite the new equation as

d du(z)

e 2671 — z)rtbe - | = (a—1)(b—1)2"2(1 — 2)*T0=c"1y(z). (3.1)
Using the differentiation formula
d (a—1)(b-1)
L Fla-1,b—lic—12) = 27 p(a, b
- (a ,b i i 2) p— (a,b;c; 2),
we arrive at the familiar Jacobi identity for the Gauss function [117] (see also [30]):
d
di[ch(l —2) R (a, by e;2)] = (c—1)272(1—2)* " 1P (a—1,b—1;¢—1; 2).
z

(3.2)
The above arguments (also presented in [30], for instance) show that (3.2) is a con-
sequence of Gauss’s differential equation (1.3).

To state a generalization of the Jacobi identity (3.2) for the Lauricella function
Fl(jN) (a; b, c;2) (see [57], [65], [66]), we introduce some further notation. First of all,
let

ej:=(0,...,1,...,0)
denote the vector with jth component 1 and the others equal to 0. Subtracting e;
from a vector a = (ay,...,ay) decreases the jth component of a by 1, that is,

a—ej:(al,...,aj_l,aj—1,aj+1,...,aN). (33)

Similarly, the vector obtained from the one in (3.3) by increasing its sth component
(s # j) by 1 can be expressed as

a—ejt+e;=(ar,...,a; —1,...,as+1,...,an). (3.4)

The vectors a; and z; are obtained from a and z by eliminating the jth component:

a; = (al,...,aj_l,aj+1,...,aN), Z;— = (Zl,...,Zj_1,2j+1,...,ZN). (35)

As in the previous sections, the modulus of a vector is understood to be the sum
of its components; for example, for a} in (3.5) we have

|| := Z as.
1<s<N, s#j

The following statement establishes an analogue of the identity (3.2) for the
Lauricella function.

Theorem 6. The Lauricella function ng)(a; b,c;z) satisfies the following differ-
ential equations of Jacobi type:

N
0 ! a c—| ;‘_1 aj+b—c (N
{0 R e (R e RO
o
N ,
= [ H (25 — zp)apl} zjc»_‘ajl_Q(l — zj)“ﬁb*‘:*l%j(a; bc;z), j=1,...,N,
p=1
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where Z; is given by

N
Zi(a;b,c;z) = { /(zj - zp)] [(c - 1)F1()N)(a —ej;b—1,c—1;2)
p=1
o~ (= 2)
Zs\L — Zs (N)
s— ———F —ejtesbcz)l, 3.7
—i—Za po—_ (a—e; +egb,cz) (3.7)

s=1 J
and a prime on a summation (or a product) sign means that s #j (p # 7).

A detailed proof of Theorem 6 was given in [59] and [66] using induction on the
number N of variables of the Lauricella function F j(DN), and we do not present it here.
We show only that if N = 1, then the relations (3.6), (3.7) in Theorem 6 become
the Jacobi identity (3.2) for the Gauss function F. In fact, for N = 1 the system
of formulae (3.6), (3.7) reduces to a single equality. The vector-valued parameter a
and argument z of the Lauricella function now consist of one component each and
become the scalar parameter a and argument z of the Gauss function. Thus, we
must set [} = 0 in (3.6). Furthermore, the products with respect to p involved
in (3.6) and (3.7) do not contain factors, and the sum with respect to s in (3.7) does
not contain terms. By the standard convention such products should be set equal
to 1 and such sums should be set equal to 0. In view of the above, we arrive at
the identity (3.2) by substituting F(a,b;c; z) in place of Fg) in the left-hand side
of (3.6) and substituting £ (a;b,c¢;2) = (c—1)F(a—1,b—1;¢—1; 2) from (3.7) in
the right-hand side.

We note that some differential relations for the Appell function F} considered
in [157] are close to the ones established in Theorem 6 when we take N = 2 there.

Just as in the derivation of (1.3) from (3.2), we can start from the Jacobi-type

formulae (3.6), (3.7) and obtain a system of partial differential equations for Fg\’).
This system has a form different from the standard one (1.5) and is given by the
following theorem.

Theorem 7. The Lauricella function FgN) (a; b, c;z) satisfies the following system
of partial differential equations with respect to the variables z;, j =1,...,N:

N
9%u c—lajl aj+b—c+1 I ag ou
— + + + —
0z 0z;

] Z; zj—1

s=1 Zj T s

1 zs(1 —25) Ou a;bu ,
— +——F=0 =1,...,N, (3.8
Z zj —2s Ozs Jrzj(zj—l) ’ J e Ny (38)

I
zj(z; = 1)

where a prime on a summation sign indicates that the sum is taken for s # j.

Proof. We consider the function

u(a; b, c;z) == FI(DN)(a—ej;b—l,c— 1;2) (3.9)
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and observe that the functions F j(DN) on the right-hand side of (3.7) are expressed
as follows in terms of the derivatives of u:

N c—1 8& .
Fy )(a*ejJFes;b,C;Z):maTjsv J#s,
_ (3.10)
F™(aih gy = — =L 90
A T R
as follows from the definition (3.9) and the relation
b
(N)(a,b,c;z) = aLFéN)(a—l-ej;b—&—l,c—&— 1;2), (3.11)
0z c

where we recall that the vectors a—e; and a—e;+e; in (3.9) and (3.10) were defined
in (3.3) and (3.4), respectively. Substituting (3.9) and (3.10) into the formulae (3.6)
and (3.7) with index j, we arrive at an equation satisfied by u. In it we replace
aj, b, and ¢ by a; + 1, b+ 1, and c + 1, respectively, bearing in mind that u is then

transformed into u = F(N)(a; b,c;z). Then Theorem 7 is obtained by using the
property (2.59) of F(N) O

Note also that if a; = 1, that is, the vector parameter of the Lauricella function
has the form a = (ai1,...,a;-1,1,a;-1,...,an), then %; on the right-hand side
of (3.6) is a polynomial of degree N — 1 in z;. In fact, then the functions

FEN)(E—ej;b—l,c—l;z), FI(DN)(a—eJ+eb,bcz)
in the definition of #; are independent of z;, because (3.3) and (3.4) show that
a— €; = (al, .. .,aj,1,07aj+1,. .. ,aN)
and
a—e;j+e,=(a,...,a;-1,0,a541,...,as+1,...,an).

Thus, #; is a polynomial of the form

Zi(a;b,c;z) = H (25 — zp) [(c—l)FI(DN_ )(a b—1,¢—1;2))
1<p<N, p#j
zs(1 — 25) L(v—1)
+ Z asﬁF ( _]é’b CiZ; ) (312)

1<s<N, s#j

where a s 1s the vector obtained from a by adding one to the sth component and
omlttlng ‘the jth component that is, a) ; == (a1,...,a5-1,0541,...,as+1,...,an),
s # j, and the vectors a; and z) are deﬁned in (3. 5)

It follows from the above that the right-hand side of (3.6) with index j becomes
much simpler when a; = 1: it is then a product of binomials and the explicit

polynomial (3.12). This important special case of Theorem 6 is a basis for the
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representation (1.57) for the solution of the Riemann—Hilbert problem (which we
mentioned in the Introduction and will also discuss below in this section). Thus,
it is a link between the theory of the Lauricella function and the theory of the
Riemann-Hilbert problem.

For a more convenient further presentation we assume that ay = 1, and we write
the (j = N)th Jacobi-type identity for the function F éN) of the form

FéN)(ah"'7aN—171;baC;Zla"'aZN—17w)’ (313)

=a =3

where we have changed to w the notation for the variable zy corresponding to
anN = 1.

In what follows we use the following vector notation for the parameters and
arguments of the function (3.13):

a:= (al,...,aN,l), 3= (Zl,...,ZNfl), (314)
and we also need the vector gotten from a by increasing the sth component by 1:
ates=(a1,...,a5-1,as +1,a551,...,an-1); (3.15)

here e; = (0,...,1,...,0) is the (N — 1)-dimensional vector with sth component 1
and the others equal to 0. By the modulus of a vector we mean (as above) the sum
of its components; for example, for the vector a in (3.14) we have |a| := Zé\:l as.

Now we state a needed consequence of Theorem 6.

Theorem 8. The following formula of Jacobi type holds for the Lauricella func-
tion (3.13):

N—-1
ai)u{ [ [ Zj)aj]wcau(l )™ (a1, C;Z’w)}
j=1
N—-1
[ Tw- s o - wpd@beso. 619
j=1

where Z(a; b, ¢; 3, w) is a polynomial in w of degree N — 1 defined by

N—1 NoTy
Z(a;b,c;3,w) = —zi)| A 2 , 3.17
whase = | Moo Z52). o1
with coefficients A\s, s =0,..., N — 1, independent of w and expressible in terms of

the Lauricella function of N — 1 variables by the formulae

AO = (C* 1)FéN_1)(a;b7 1767 173)7
)\s = (ISZS(]. — ZS)F[()N_l)(a+ €s; ba C;Z)? $= ]" v "N - 1’

with the vectors a, 3, and a + €4 defined in (3.14) and (3.15).
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It is easy to see that for N =1 the relations (3.16)—(3.18) become the following
equality, which is a consequence of the Jacobi identity (3.2) for the Gauss function
with a = 1:

d c—1 1+b—c .o o c—2 b—c

%[z (1-2) F(1,b;¢c;2)] = (c— 1)z7=(1 — 2)""“. (3.19)
In fact, let N =1, so that the Lauricella function (3.13) coincides with F'(1, b; ¢; z).
Then since a in (3.14) has N — 1 components, we set |a| = 0 in (3.16), and we take
the products with respect to j and the sums with respect to s in (3.16) and (3.17) to
be equal to 1 and 0, respectively (because the upper limit is smaller than the lower
limit). Taking this into account, we get from (3.17) and (3.18) that Z = \g = ¢—1,
and thus we see that the identity (3.16) for N =1 coincides with (3.19).

We can obtain N similar representations for the polynomial % in the following
way. Differentiating on the left-hand side in (3.16) and taking (3.11) into account,
we compare the result with the right-hand side and find the following expression

for #:

N-1
R(a;b,¢;3,w) = w(l — w)[ H (w— z])} {iF,(DN)(a,Q; b+1,c+153,w)

j=1

N-1
as c—laj—=1 1+b—c\ (v
- F 1; b, ¢; . 3.20
+<Zw - )D (a,1;b,¢;3,w) | (3.20)

= ow -z w 1—w
Since this expression is a polynomial of degree N —1 by Theorem 8, we can represent
it in the Lagrange form in terms of the values at N arbitrary points. It is convenient
to take points in the set {0,1,a1,...,any_1} because the values of # there are
easy to calculate using (3.20). In this way we find N representations for %, one of
which is

R(a;b,¢;3,w) = w[]ﬁl(w - zj)} <C_|ZJ_1A0 + NZ_I a(l_ZZ)A)

w—
Jj=1 s=1

where Ag = ng)(a; b,c;3), As = FéN)(a—i-es;b,c;g), s=1,...,N —1, and the
vector of parameters a + e, is defined by (3.15).

3.2. Statement of the Riemann—Hilbert problem in HT with piecewise
constant data. Let Lj denote the intervals of the real line R lying between con-
secutive points in the set = in (1.56): Ly = (&, &k+1), K = 0,..., N, where we recall
that & = €41 is the point at infinity. By the formulae

x(&) =xr and o(§) =0k, £€Ly, k=0,...,N, (3.21)

we introduce complex and real piecewise constant functions x(§) and o(£) on R,
which will be the data in the problem below, where the x; # 0 and o) are some
constants. We also fix a set of non-negative integers

& :={ng,n1,...,nN}, ny€Zt, k=0,...,N, (3.22)
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and with each point £, € = we associate the number n; € &; in what follows
this number will characterize the integer part of the growth exponent at & of the
solution £ (¢) of the Riemann—Hilbert problem.

We remark that on each interval Lg, k = 0,..., N, the argument of the function
x(€) in (3.21) takes the constant value arg x, which is determined up to a quantity
27my,, where my, is an arbitrary integer. Since x(€) is discontinuous, the integers my,
corresponding to different intervals Ly are in no way connected. We fix arbitrary
values of the my, k = 0,..., N, and thereby branches of the function argx(§) on
each interval Ly, and then we calculate the jumps of arg x(§) (more precisely, of
the branches chosen) at points in = by

A AT Xk — AT8 Xk-1 , k=1,...)N, 0g := _ B X0 T ATBXN

T T

(3.23)

We also calculate the fractional and integer parts of the jumps d; defined in (3.23):
[0, 1) S QR = {5k}, ,Bk = [(5k], k=0,...,N; (324)
and we consider the jumps of the function p(§) = o(§)/x(§) at the points in =:

Ok+1 Ok
Pk = — — —

= , k=0,...,N.
Xk+1 Xk

We also consider the quantity

Oy = % —arg xn- (3.25)
It is assumed that the numbers ng and «g corresponding to the point £y at infinity
do not vanish simultaneously. Since ag € [0,1) and ng € Z¥, this means that
g + ng # 0, and moreover, there are no finite points &, € = such that ny = 0 and
ar = 0 but at the same time p; # 0. Thus, we assume that we always have the
conditions

1) ap+ng#0, 2) Ak=1,...,N:np =0, a, =0, pr #0. (3.26)

Let /% denote the class of functions analytic in H* that are continuous in H+ \ Z,
where E is the set of points (1.56) on the real line at which x(&) or (&) is discon-
tinuous.

The Riemann—Hilbert problem under consideration is the problem of finding
a function £t € ST which is analytic in the upper half-plane from the boundary
condition

Re[x(§) 2T (§)] =0(§), E€R\E, (3.27)

on the real line, where x and o are defined in (3.21), and it is assumed that at
points in Z the function &7 satisfies the growth conditions

_Jo(C—g)rm) it 0, _
3%(0—{@(1) i g =0, (=& (k=1,...,N), (3.28)

P =0, (= oo (3.29)
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Because of the presence of the numbers ny, the conditions (3.28) and (3.29) allow the
solution 227 (¢) to have non-integrable powerlike growth in general. This version
of the Riemann—Hilbert problem can appropriately be called singular.

The following theorem (see [140] and [64]) establishes the solvability of the
Riemann—Hilbert problem and a representation for its solution in terms of Cauchy-
type integrals. It was proved using methods going back to Gakhov [126] and
Muskhelishvili [125].

Theorem 9. The following results hold for the Riemann—Hilbert problem (3.27)—
(3.29) under consideration with piecewise constant data (3.21) satisfying the condi-
tions (3.26).

i) If the index s defined by

N
s i=no — Bo+ »_(Br + k) (3.30)

k=1

is non-negative, then the solution P+ € HT has the form
PT(C) = XT(QOPL(Q) + A4 T(0), (3.31)

where XV(C)P,.(¢) =: F(¢) is the general solution of the homogeneous problem,
XT(C) is the canonical function defined by

N
XT(Q) =€ [T(C— &)™, (3.32)

k=1

the constant O N is given by (3.25), P,.() is an arbitrary polynomial of degree »
with real coefficients, and the function A T ({) is a particular solution of the inho-
mogeneous problem and is found as follows:

N
AT =D M), (3.33)
k=0
+ _ UkX+(<) dt _ B
MO = ol k=1,...,N—1, (3.34)
+ s -
iy XHOC ) [ ()
o) xomi o, X000 -
=/V+(O: UNXJF(O(C*T*)% t—7)"~" dt .
N XN Ly XTOE-0) 7
Te, T5 € R being arbitrary points on the respective intervals (§1,+00) and (—oo, &N ).
ii) If s = —1, then the unique solution of the problem is
P = A0, (3.36)

where the function A () is defined by (3.33)~(3.35) with » = 0 set formally
in (3.35).
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iii) If 5 < —1 and the solvability conditions

tk

———dt, (3.37
m X+(t) ’ (3 3 )

N
ZBkmU—m:O, k=0,1,...,|% —2, where Bgm ::/
— Xm L

are satisfied, then the unique solution of the problem is (3.36). But if » < —1 and
the conditions (3.37) fail, then this Riemann—Hilbert problem is unsolvable.

Assume that the first condition in (3.26) does not hold and ag = ng = 0. Then
it is easy to see from the equality

N

ag +ng = %+Z(o¢k —ng), (3.38)
k=1

which follows from (3.23), (3.24), and (3.30), that the integrals 45" (¢) and A5 (¢)
over infinite intervals in (3.35) are divergent (we consider the case when s > 0).
If in addition pg # 0, then the condition (3.29) in Theorem 9 must be replaced by
P () = O(log¢) as ¢ — oo, and s + 1 must replace s in the formulae (3.35)
for A;T(¢) and A, (¢). Then all the assertions of the theorem hold. But if
ag = ng = 0 and pp = 0, then in (3.35) we set 7* = 7, and regard the sum
NT(C) + A (€) =: Z(¢) in the sense of the principal value of the integral, which
is easily shown to exist. Now the function .47 (¢) involved in the theorem will be
calculated by the formula

A=)+ Y. M),

where, as before, 4,7 () is defined by (3.34). After this modification of the func-
tion .4 T (¢) all the assertions of Theorem 9 hold. The relation (3.29) is transformed
into 27 (¢) = O(1) as ¢ — co. We note also that if the second condition in (3.26)
fails at one of the finite points £ € =, then the form of the solution given in Theo-
rem 9 is preserved, but at & the asymptotic behaviour of the function £+ (¢) will
be logarithmic rather than powerlike as in (3.28).

We can show that if in the formula (3.35) for ;" we replace 7, by 7 # 7.
and denote this function by JI{)Jr, then the difference .4 yt — A4t is the product of
a polynomial of degree > —1 with real coefficients and the canonical function X+ (¢)
(so that it satisfies the conditions of the homogeneous Riemann-Hilbert boundary
problem). A similar observation is valid for .4} . Thus, the presence of 7, and 7*
n (3.35) does not affect the total number (= s + 1) of arbitrary real constants
determining the solution of the Riemann—Hilbert problem in Theorem 9.

3.3. Schwarz—Christoffel integral representation of the solution of the
Riemann—Hilbert problem. The aim of this subsection is a theorem on repre-
senting the solution of the Riemann—Hilbert problem by an integral (1.52), a the-
orem which gives explicitly all the quantities in the integrand. Before stating this
theorem, we introduce some notation.
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Consider the vector a := (ao,...,an) with components a; connected with the
data of the Riemann-Hilbert problem (3.27)—(3.29) by the relations

apg = ¥, aj = Oéj*TLj, jil,...,N, (339)

where we recall that the quantities «; are to be found from (3.24) and (3.23), and
the n; are non-negative integers in the set (3.22). We let a;, k =1,...,N — 1, be
the vectors obtained from a by omitting the components ag, ay, and a1, that is,

ag = (a1,...,05—1,0k12,---,aN), (3.40)
and let ag and ay be defined by
ap =an := (ap,a2,...,aN_1)- (3.41)

Consider the vectors aj obtained by increasing the component a, of a; by 1
(provided that s # k,k+1ifk=1,....N—1land s # 1, N if k =0 or N), that is,

aj = (a1,...,Qk—1,0k42,---,05—1,05 + 1, a541,...,aN), k=1,...,N -1,
ag = ay := (ap,a2,...,05-1,as + 1,a541,...,an-1),
ad =al :=(ao +1,a9,...,an_1).
(3.42)
Let by and ¢, k= 0,..., N, be numbers defined as follows:
bo :=|a| — 0|+, ¢ = |agn| — D2 N| + ¢+ 1; (3.43)
b == 14+ ng — ag, ek i =24+ng+ngp1 —ax —agy1, k=1,...,N—1;
(3.44)
by = |a| — 0|+, cn = |a1,n_1] — | v_1]| F e+ 1 (3.45)

as usual, here
1 l
lokdl =Y e, Jal=lainl, ki =Y ny 0| = |0y Nl (3.46)
j=Fk j=Fk

We define the quantities |8 ;| and |G|, where 8 := (f1,...,0n), in a similar way.
The vectors ug, k =0,..., N, have the form

Up := (ug,ug, s au(J)V—1)7 un = (uévvuéva s au%—1)7 (347)
ug = (uf o uf o, k), k=1,...,N—1, (3.48)

where the u¥ are the quantities defined by

0o._&n—T 0. En—&; .
Uy = , u; = , =2,...,N—-1, 3.49
0 £N_§1 i £N_§1 J ( )
uf::m, k=1,...,N—1, j=1,....N, j#kk+1, (3.50)
& — &
N, T =& N, &G—& .
Uy = , uy = , =2,...,N—1, 3.51
" T a Y T a (3.51)



996 S.I. Bezrodnykh

7. and 7* are the same as in Theorem 9, and the points £;, j = 1,..., N, are in the
set Z in (1.56) of points of discontinuity of the boundary data x(§) and o(§) in
the Riemann—Hilbert problem (3.27)—(3.29).

Let Ay be the quantities defined by

Ag = _eiﬂ(ﬂo—no)&B(bo’CO ~bo)(En — &),

7| Xol

g _
Ay = -2 B(bn,en — b)) (En — &) 70,
m|xn|
Ay 1= —em(Brsrn | Hnign, ) B(by, cx — by (3.52)
7TIx |
X(fk-}-l_gk))Ckil H |§k‘_§j|7aj7 kzlv"'7N_17
1<<N
£k, k+1

where B(a, () is the beta function [30]

We also define the quantities p* by

10y = (co— )& — En)FS (agibo — 1,¢0 — 1uo),

1o = ao(én — ) (7 —51)F1()N7 )(ao,b0700,110)

1l = as(En — €)(& &) F V@b, coim),  s=2,...,N—1,
pNy = (en = 1)(En — 51) (anbN Leny — Liuy),
no = ao(r* —&)(fN—r)F(N V(@ by, ensun),
pY = a(& — &) (En — E)FS V(ayiby.ensuy),  s=2,.. N -1,
iy = (er = DFS " (g by — 1,0 — L),

& ngrlF(N 2)(ai;bk,ck;uk), s=1,...,N, s#kk+1.
6 *gs
Recall that the quantities aj, aj, br, ck, and uy in these formulae are defined
by (3.39)—(3.51) in terms of the data of the Riemann-Hilbert problem (3.27)—(3.29).
The next theorem gives a representation of the solution of the Riemann—Hilbert
problem as a Schwarz—Christoffel integral.

k
Hs = Qs

Theorem 10. The following assertions hold for the solution PT(() of the
Riemann—Hilbert problem (3.27)—(3.29) in H with piecewise constant data (3.21)
satisfying (3.26).

i) If the index s defined by (3.30) is non-negative, then the solution P+ € '+
has a representation as a Schwarz—Christoffel integral:

9*(C)=ei@N/ Ht— €)% (L) di + w, (3.54)
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where Z(() is a polynomial of degree N + 3 — 1 with real coefficients which has the
form

Z(¢) = 2(0) + 7 (<), (3.59)

2(¢) is a polynomial of degree N + » — 1 defined in terms of an arbitrary polyno-
mial P,.(C) of degree » with real coefficients by

N

N
2(0) = [[« &) (P%<<> Sty P;,<<>), (3.56)
s=1 S

j=1
and

7)= ﬁ:[l(g _5j)] [AO(C —T*)”(uol LM +Nz_:1 1o

j=2

N N-1 N
+AN(C—T*)%<MN1+ o5y K )}

(=7 —2 ¢—&s
N-1 .
*ZA’C[ 11 (C—ﬁj)] [Mlil+(c_fk) >, C‘_LSJ (3.57)
=1 ISISN 1<s<N s
J#kk+1 s#k,k+1

is a real polynomial of degree N + s — 2, with the coefficients Ay, and p* defined
by (3.52) and (3.53). The formula (3.54) involves the constants Oy in (3.25) and
constants C* and w* such that 2% (¢*) = w*.

i) If »» = —1, then the unique solution of the problem is expressed by the
Schwarz—Christoffel integral (3.54), (3.55), where 2(¢) = 0 in the formula (3.55)
for #(C).

iii) If » < —1, then a solution exists if and only if the conditions (3.37) are
satisfied. If they are, then the solution can be found using the same formula as for
w=—1.

Before turning to a discussion of the proof of this theorem, we note that if the
solution &% of the Riemann-Hilbert problem in question is finite at some point
&, € 2 (and therefore is continuous in the intersection of a neighbourhood of &
with the closed half-plane H*T), then we can set ¢* = & in (3.55), and we can
find w* = £27(¢*) directly from the boundary condition of the Riemann-Hilbert
problem. In fact, extending the boundary condition (3.27) to & by continuity from
the left and right and setting w* = 227 (&), we obtain the following system of two
(linear) equations with respect to w*:

Re(xg—1w*) = ok—1, Re(xpw®) = o.
It is easy to verify that the system is satisfied by

XeOk—1 — Xkp—10k
w* =P (&) =i — , 3.58
(€k) (T, (3.58)

which we take to be the constant of integration in (3.54) for ¢* = &; in the
formula (3.58) we assume that Im(xxX;_1) # 0.
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We note also that the function

+ — z@N/ H t_g] 0‘1*”1*{7( )dt—|—w*, (359)

where the polynomial 7 (¢) can be found from (3.57), is a particular solution of
the inhomogeneous Riemann-Hilbert problem (3.27)—(3.29), and the functions

\I/+ = !N /

with the polynomials 2,,(¢) given by

o:cﬂjjl(c—fj (Z c_ss )

are (for 3¢ > 0) linearly independent solutions of the corresponding homogeneous
problem.

If we formally set s = 0 in the expression (3.57) for the polynomial 7 (¢), then
(3.54) and (3.59) will still produce the general solution of the (inhomogeneous)
Riemann—Hilbert problem (3.27)—(3.29) and a particular solution of it, respectively.
Then the expression for .7 (¢) will be slightly simpler; in particular, there will be
no additional quantities 7, and 7 in it.

The representation (3.54) as a Schwarz—Christoffel integral shows that the func-
tion 221 (¢) realizes a conformal mapping of the upper half-plane H* onto some
simply connected non-schlicht polygonal domain .# (for instance, see [93]). The
interior branch points of . are the images of complex zeros of Z(¢) (in HT) under
the mapping w = £7((), and the boundary corner points of .# are the images
of the points & € =, and also of the real zeros of %’(C) under this mapping. The
internal angle of .# at the boundary point wy = P27 (&), k # 0, is equal to
Ty = m(ak —ng) if Z(&) # 0, and to w(yy + p) if Z(§k) = 0, where p is the order
of the zero of Z at £,. The angle at a point w := @+(§) where £ € R and %’(§)
but g¢ E, is equal to w(p + 1), where p is the order of the zero of Z at f In thls
way Theorem 10 gives a clear geometric interpretation of the solution &% (¢) of
this Riemann—Hilbert problem.

5

Ht— YTl g () dt m=0,...,7x,
j=1

3.4. Application of Jacobi-type formulae to the derivation of a new rep-
resentation for the solution of the Riemann—Hilbert problem. First of
all, avoiding technical details, we describe our approach to the derivation of the
representation (3.54) under the assumption that the index s defined by (3.30) is
non-negative, that is, the condition i) in Theorem 10 is satisfied. We transform the
derivatives of U+ (¢) and 47 (({) into products of binomials and a polynomial.
Differentiating ¥ (¢) = XT(¢)P,.(¢), where X+ (¢) is the canonical function
(3.32) and P,.(¢) is a real polynomial of degree s, we get after simple transforma-
tions that
d N
v ©=1Ie-gm 2, (3.60)
7j=1

where 2((¢) is the polynomial defined by (3.56).
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Next we transform the derivative of each function 4,7 (¢) in (3.33). Using
a change of variables that takes the interval Ly into (0, 1), and using the integral
representation (1.6) for the Lauricella function, we express all the functions 4;*(¢)
in terms of the functions Fg\’) (with sets of parameters and variables depending
on k). Applying the version of a Jacobi-type formula indicated in Theorem 8
to the expressions obtained for 4,7 (¢), we transform the derivatives d.4,"(¢)/d¢
into the required form of a product of binomials and some explicit polynomial T (():

N
—Jﬁ H ¢ — €)% T (C). (3.61)

Noting that for different values of k the derivatives (3.61) differ only in the form
of the polynomial T} (¢), we add the equalities (3.61) and, in view of (3.33), obtain
the desired representation for d.4*(¢)/d¢:

N
7t/1/+ H ou‘—nj—lT(g) T = ZTk(C) (3.62)

Adding (3.60) and (3.62), we find the desired representation for d 2% (¢)/d(¢. Inte-
grating it, we obtain (3.54).

All these transformations were thoroughly described in [59] and [64]. For exam-
ple, we present the argument for 45", By (3.32) and (3.35) the function ;" ()
has the following representation in terms of a Cauchy-type integral:

N &1 e
MO =2 [ H (¢ "‘J"f} (£ =) dt . (3.63)

—oo T (t— &) (t — Q)

XoTé

Making a change of the variables ¢, ( to the new variables 7, w by the formulae

Hr) =év+ (& —&n)m !t and  ((w) =& + (& — En)w, (3.64)
we obtain
%Jr(C(’w)) — _%waw—m\r (w _ 1)al—n1
_fN_T* %N—l< _gN_fj)aj—nJ]
: Kw £N§1> H{v-g=¢
1 B £N _ )%N1< £N 5] )anj B :|1
X./o Kl e — & g b v —& (1~ wr)
7—|0“*‘n|+%*1(1 _ 7-)”1*041 dr,

where we recall that |a] = Zi\le as and |n| = Zi\]:l ns. Rewriting the above

formula for 4" while taking into account the notation (3.42), (3.43), (3.49) and
using the Euler-type representation (1.6) for the Lauricella function, we obtain the
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expression
A5 (C(w)) = =2 B(by, o — bo)w 120l =} ( — 1)Lt
Xo7e
X [ H (w—u?)“j}Fj(DN)(aO,1;b0,co;u0,w). (3.65)
0<ysSN-1
j#1

Differentiating (3.65) and using the Jacobi-type formula (3.16)—(3.18), we obtain
an expression for the derivative:

d o
A5 () = 2By 0 — =2 1)
X { I (w—u)- }RO( ), (3.66)
0<GSN -1

where Rg(w) is a polynomial in w defined by

Ro(w)—{ I1 (wug)KA‘lﬁ > wiouo> (3.67)

0<isSN-1 0<ysSN-1 s
i#1 i#1
with
/\O 1= (CO - I)F(Nil)(ao; bo — 1, Co — 1; UQ), (3 68)
2\ = qu’ (1—u)FI(DNfl)(aS;bo,co;uo), s=0,2,...,N — 1. .
In (3.66) and (3.67) we make the substitution inverse to ((w) in (3.64):
¢—¢ d 1 d
w(() = 27— (3.69)

&1—&n d¢ €1 En dw’

and then in view of the equality —argxo — 7(|a| — |n|) = —argxn + 7(|] + |n|)
following from (3.23), (3.24), and (3.30), we obtain

N

L) = o [H(g @-)%‘”jl] 70, (3.70)

where Oy is the constant in (3.25) and .%(¢) is a polynomial of degree N + > — 2
defined by

with coefficients Ag and p determined from the data of the Riemann—Hilbert prob-
lem (3.27)—(3.29) by the equalities (3.52) and (3.53) in the notation (3.39)—(3.50).
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Similar arguments show that

d N
?CW+ — z@N|:];[ C 6 aj—nj—l]%(g) (3_72)

where 74 (() is the polynomial defined by

70 =8] II €-9)

1SN
J#kk+1
k
[ul C—&) > = g} k=1,...,N—1, (3.73)
1<s<N s
s;ﬁkk—‘—l

N-1 ,U/N
+;CE)' (3.74)

N-—

(0 = dw|(c—7 Hc | (1, +
Adding the equalities (3.60) and (3.70), (3.72) for £ = 0,..., N, taking (3.71)
and (3.74) into account, and integrating the result, we arrive at the representa-
tion (3.54).

Parts ii) and iii) of Theorem 10 are proved quite similarly. There we must bear
in mind the assertion of Theorem 9 in the case when the index ¢ is negative.
Theorem 10 is proved.

4. Applications to plasma physics

4.1. A model of magnetic reconnection and the statement of the corre-
sponding Riemann—Hilbert problem. Many explosion-like processes studied
in stellar physics take place in a rarefied plasma, when magnetic forces dominate
other forces (gas-dynamic, gravitational, and so on), and large amounts of energy
are released as a result of the magnetic reconnection phenomenon, which means
a fundamental change in the configuration of the magnetic field [158]-[160]. The
central mathematical problem in the investigation of such processes is often an effec-
tive calculation of the magnetic field for this or that plasma configuration [160].

In this section we present a solution of the Riemann—Hilbert problem in a compli-
cated polygonal domain (see [67], [111]) which arises in modelling magnetic recon-
nection near a disintegrating current layer in the corona of the Sun. According to
contemporary views, it is the destruction of this layer that leads to solar flares [160].
The unknown analytic function #(z) in this problem describes the magnetic field
in the exterior of the configuration of currents shown in Fig. 3. The horizontal
cuts I'; and I‘(J{ correspond to two parts of the disintegrating current layer, and
the four slanted cuts I';, 7 = 1,...,4, depict the shock waves associated with the
layer. Thus, the configuration of currents I' = YT UY ~ is a union of two Y-formed
components:

YJr = Fa_ U Fl UF4, Y = {Z: —zZE YJr}v (41)
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Y v

Figure 3. The system of cuts I' = 0%'.

where Yt consists of the horizontal cut 1"0+ and the slanted cuts I'1 and Ty,

I'y ={z: Rez € [a,b], Imz = 0},
Ty ={z:2=b+tpe"™, tc[0,1]}, Ty={z:zeT},

while Y™ is obtained as a mirror reflection of YT in the y-axis.
In the domain # := C\T" (see Fig. 3) we consider the stationary planar magnetic
field

B(‘Tvy) = (Bz(xvy)vBy(mvy)ﬂo)v (42)

which is assumed to be a divergence-free potential field. A physical justification
of such assumptions in modelling the phenomenon under consideration was given
in [160]. We also assume that the normal component of the field vanishes on the
current layer (that is, on P(ﬂf) and is equal to a fixed constant 8 on the shock waves
(that is, on the I';, j = 1,...,4). At infinity the modulus of the field grows linearly,
with coefficient of proportionality v, and at the endpoints of the segments Fg,
which are free from shock waves, it is also unbounded but has minimal possible
growth. Furthermore, it is known [85] that if (4.2) is a divergence-free potential
field, then the associated function #(z) = By(z,y) — iBy(z,y) is analytic in the
domain %',

The above mathematical model leads to the formulation of the Riemann—Hilbert
problem of finding a function .#(z) that is analytic in % and continuous in % \
{00, —a, a} and that satisfies the boundary conditions

Rel[v; 7 (2)] = ¢, zely, j7=0,1,...,4, (4.3)
where T'g := FS‘ UTI'y, the complex normals v; to the cuts I';, j =0, ...,4, have the
form

vo =1, v =1, vy = —ie Y yg=—ie™  yy =ije Y, (4.4)

and the numbers ¢; on the right-hand side of (4.3) are given by
=0 and ¢; =0, j=1,...,4 (4.5)

At the points z € {oo0, —a, +a} where .Z is discontinuous we assume that it satisfies
the growth conditions

F(2)=—ivz+o(l), z—o0, and F(z)=0((2 :I:a)fl/Q), z — *a. (4.6)
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w= F(z)

(a) N () @

O prp P2 A 1 pg 7

Figure 4. Scheme of the solution of the Riemann—Hilbert problem.

The real quantities 8 and ~ in the statement of the problem along with the num-
bers a, b, p, and « specifying the contour I' are parameters of the model. This
model [67], [160] is a natural development of the model of disintegration of an
(infinite) current layer without shock waves which was investigated in [161].

4.2. The problem in one fourth of the original domain and the construc-
tion of a conformal mapping. Adding the symmetry conditions

F(2)=-F(2) and F(-7)=F(2) (4.7)

to the problem posed, we reduce it to a Riemann—Hilbert problem in one-fourth of
the domain %/, which we denote by G, that is, in the first coordinate quadrant cut
along I'; (see Fig. 4, (a)):

G:= 21\ Ty, 21 :={z: Rez >0, Imz > 0}. (4.8)

This Riemann-Hilbert problem is stated as follows: find an analytic function .7
in G that is continuous on G \ {00, a}, satisfies the boundary condition

Relh(2)Z (2)] = c(z), z € 0G, (4.9)

in which the coefficients h(z) and ¢(z) are defined by
j AB)U(MC
! on (AB) U (MC), ) {o on (ABMC) U (EA),
c(z) =

8 on (ABC), (4.10)

hiz) =<1 on (BM)U (FA),
ie'™™ on (CDE),
and satisfies the following growth conditions at the points A and M:

F(2)=—ivz+o0(l), z—o0, and F(2)=0((z— a)71/2), z—a; (4.11)
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the quantities § and  here are real constants which are parameters of the model.
The geometric quantities a, b, p, and « are also parameters of the model.

After finding the solution % of the problem (4.9)—(4.11), we extend it to the
whole of # using the symmetry relations (4.7) and thereby obtain a solution of the
original problem (4.3)—(4.6). We present the numerical result for the full domain %
in the most representative form from a physics standpoint, as a family of level curves
A(z,y) = const of the magnetic potential A(z,y), which we find by the formula

A(z,y) :=Im¥(z), U(z) := /OZ F(t) dt. (4.12)

The function W(z) is called a complex potential of the field. It is easy to see that
the magnetic field B is tangent to level curves of A(x,y).

A conformal mapping of one-fourth of the reconnection domain G onto the upper
half-plane was constructed in [111]. Here we present only the general scheme of
reasoning in order to indicate connections with §5. Note that G is an (infinite)
simply connected pentagon with vertices A = co, B =0, C' = b (to the left of the
cut I'y), D = b+ pe'™ and E = b (to the right of I';). The internal angles at these
points with respect to G have measure

Ty, j€{A,B,C,D,E},

where

1 1
ag=-5, ap=5, ac=1l-a, ap=2 ap=a

We consider the mapping ®~': H* RNV subject to the following conditions

(which were used in [111], but are slightly different from the ones we use in §5):
d!(00) = o0, ®~1(0) =0, O (1) = b+ pe'™, (4.13)

that is, we assume that the vertices A, B, and D of G correspond to the boundary
points ¢ = 00, ( =0, and ¢ = 1 of the half-plane (see Fig. 4, (a) and (b)). Letting
A and 7 denote the unknown inverse images of C' and E, we express z = ®~1(() as
a Schwarz—Christoffel integral [85], [93], [104]:

¢
d-1(¢) = %/0 12 - 00— 1)(E— 7)o dt, (4.14)

where the coefficient # of the integral is easily seen to be real and positive (£ > 0).
To find the unknown parameters A\, 7, and J# of this integral in the usual way
(for instance, see [93] and also §5), we form a system of non-linear transcendental
equations by equating the three given distances between vertices of the polygo-
nal boundary dG to their expressions calculated by (4.14). Integrating over the
segments [0, A], [, 1], and [\, 7] in (4.14), we obtain the system of equations

HL(NT)=b, HI(\7)=r, HI3\T1)=0, (4.15)
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where the numbers I;(\, 7), j = 1,2, 3, denote the integrals

A
L(\T) = / V2N = )71 = t) (7 — ) dt, (4.16)
0
L\ T) = /1 V2= N T =) (r — ) d, (4.17)
A
I3\, 7) = /Tt—l/Q(t — N1 = t)(r —t)* Lt (4.18)
A

Geometrically, the third equality in (4.15), which implies that I5(\,7) = 0, means
that the distance between the vertices C' and E, the images of the limits of inte-
gration A and 7, is 0 (see Fig. 4, (a) and (b)). Making changes of variables
in (4.16)—(4.18) so that the integration is over the interval [0, 1], and using the
representation (1.6) for the Lauricella function F' EN), we express the integrals in
terms of this function with N = 2 variables (that is, in terms of the Appell func-
tion F1) by the formulae

_ ﬁF(l — Oé) 1/2—a,_a—11;n(2) . L3 . A
Il()\,T)—m)\ T FD —171—04,5,5—047)\,; 5 (419)
L) =[1-a)2—a)] A=A (r - N

@ (1 A—1 1-)
FO(Z1-al-a,3—a;2 = 4.2
X D <27 Oé, 0[,3 Oé, )\ 77__)\ ’ ( 0)

™ T—A T—2A

I3<)\,T> = -

sin T

—1/2/1 _ (2) 1 1.1 _ L r=A
A (1-NFp (2, 1,1 —a,l; i\ ,1>\>. (4.21)

Dividing the second equation by the first in (4.15), we eliminate # and thus
reduce the problem of finding the unknown parameters in the Schwarz—Christoffel
formula (4.14) to a system of two equations involving only the inverse images A
and T: (A7)

2 , T p
== I3(A\,7)=0 4.22
Il()\77-) b’ 3( 7T) ) ( )

where the integrals I;, j = 1,2, 3, are found from (4.19)—(4.21). After solving (4.22),
we find the coefficient ¢ from the first equation in (4.15) by the formula

_ b
o Il(>\,7')

H

. (4.23)

Once we have found A, 7, and %, the mapping z = ®~1((), expressed as the
Schwarz—Christoffel integral (4.14), is completely determined and we must invert
it, because we need the inverse mapping to solve the Riemann—Hilbert problem
F(z) = P oP(z) in G. In [111] we presented an analytic method for inverting
a Schwarz—Christoffel integral in the form of a set of expansions (into power series)
with explicitly given coefficients. The method was based on a theory presented
in [115]. The convergence sets of these expansions cover in totality the closure
of the domain G of the mapping (away from infinity). Moreover, for each point
z € G\ {oo} there is at least one expansion in this set that converges at z at an
exponential rate. Thus, this set of expansions is a convenient and effective tool for
calculating and investigating the mapping ¢ = ®(z).
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4.3. Solving the Riemann—Hilbert problem in the half-plane. We reduce
the original boundary-value problem (4.9)—(4.11) for an analytic function .#(z) =
u(z) +v(2) in the domain G to a similar problem in the upper half-plane H* (see
Fig. 4) with respect to the function

w=2H)=F o ()

by means of the mapping 2 = ®~1(¢). The Riemann—Hilbert problem for 2% (¢)
has the following statement: find a function £ ({) analytic in H* that is contin-
uous on HT \ {oo,a} and satisfies on the real line the boundary condition

Re[x(§)77(§)] =0(5), &R\ {a}, (4.24)

where x(£) = ho ®71(¢) and 0(£) = co ®~1(€) are the complex and real piecewise
constant functions defined by

Lo EE(AB)U(MC), (5):{0, ¢ € (ABMC) U (EA),

X© =41  €emmuEA), 5 ¢ e (BC)

ie'™ ¢ € (CDE),
(4.25)
with the following growth conditions prescribed at ¢ = oo and ¢ = p := ®(a):

PH(C) = =20 C+0(1), ¢ —o0; 2T =6((C—p)™V?), ¢ — p. (4.26)

Here « is a given coefficient (a parameter of the model), # is the coefficient of the
integral in (4.14), which we calculated in finding ®~!, and p denotes the inverse
image of the point M.

The boundary problem (4.24)—(4.26) is a special case of the Riemann-Hilbert
problem with piecewise constant coefficients that we considered in §3. The five
points of discontinuity of the coefficients {&x} are £y = oo, 0, u, A, 7. Calculating
the quantities « and the index s¢ of the problem using the formulae (3.24), (3.23),
and (3.30), we find that

1
ay=0Qa1 =Qg = —, as = a, ag=—-—a, and »x=0.
2 2
By Theorem 9, the equality 3 = 0, and fact that the coefficient ~ in (4.26) is given,
the problem (4.24)—(4.26) is uniquely solvable. Since the mapping ®(z) is unique,
all this also implies that the problem (4.9)—(4.11) is uniquely solvable in G.

Using Theorem 9, i) and taking into account that » = 0, we find the solution

of (4.24)—(4.26) as a Cauchy-type integral

_1/2(t _ ,u)l/Q(t _ /\)—a(T _ t)(x—l/Q

Tt
PHE) = XH(Q) [M/ = gt (427
™ Ja t—¢
where X7 is the canonical solution of the homogeneous problem and is given by
D S (R e (O (Y A (e e (4.28)

and the first term 2v.%¢ in the square brackets in (4.27) is found from the first
asymptotic formula in (4.26).
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The representation (4.27) can be transformed into a Schwarz—Christoffel inte-
gral by means of a Jacobi-type formula for the Lauricella function (see §3). We do
not reproduce this transformation for (4.27), but use at once the final result of §3
stated in Theorem 10. Applying this theorem to the problem (4.24)—(4.26) and cal-
culating 2% (0) = 0 in accordance with (3.58), we obtain the desired representation
for 221 (() as a Schwarz—Christoffel integral:

PT(C) = —inH /C V2= )Tt = NNt —7)TY2 R (t) dt,  (4.29)
0

where R3(() is a third-degree polynomial of the form

Ry(Q) = (C=m)(C =N —=7) = C(C =N —7)
+ 204(( =) =7)+ (1 =2a)C(C—p)(C—A)
'l —o)'(a+ 1/2)

+ - ﬂ_ﬁjg/ 3/2()\ _ u)71/2(7' _ )\)1/2
X [AoAA = p)C(¢ = ) = Aam(A = ) (¢ — 1) (€ = A)
+ A A (T — 1)C(¢C = )], (4.30)

with Ag, Ay, and As being numbers expressed in terms of the Lauricella function
of two variables Fg) (that is, the Appell function Fi) by the formulae

1 1 1 3 1 3
AOZFS)< —'_067'3?1,1‘2), Al :Fg)< _.1_0472;37171‘2)7

27 27 2’ 27 27
11 3 T—A T—A
and A2: (DQ)(272;1_Q72;:E1’$2)7 xr1 = — b\ s .%'2:—)\_’u
(4.31)
Using (3.58), we also see easily that
PN = —D and ()= P (4.32)
sin T CoS T

It follows from (4.29) that the dependence of the solution &% (3,~;¢) on the
parameters § and +y in the conditions (4.24)—(4.26) of the problem can be ‘factorized’
in the form

p

(5,7 ) %55(7;{),

where

—( [ _ _ —1/a-
@(;g) = ,M/ V20— )32t = NN — )TV R (t) dt
Y 0

Hence, to understand this dependence for v = 0 we can confine ourselves to inves-
tigating the dependence of 2% on 3 alone with v = 1.

We can show that as p — 0 the formulae (4.29), (4.30) for 2 ({) become the
solution of the Riemann-Hilbert problem constructed in [111] and corresponding to
the model in [134] of magnetic reconnection without rupture of the current layer.
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4.4. Hodograph domain for the magnetic field and numerical results for
solving the original problem in the reconnection domain. The analytic
function w = %#(z) that solves the boundary-value problem (4.9)—(4.11) realizes
a conformal mapping of the original domain G onto a domain % which, following
[85], we call the hodograph domain for the magnetic field. It follows from the
representation of 27 (() as a Schwarz—Christoffel integral (4.29) and the formula

F(2) = Pt od(z) (4.33)

that the hodograph domain #  is polygonal. This makes the solution of this problem
more geometrically clear and simplifies its analysis.

If the Riemann—Hilbert problem has data such that the three zeros p;, p2, and p3
of the polynomial R3(¢) defined by (4.30), (4.31) are real, then it follows from the
representation (4.29) for 227 ({) that # is an octagonal domain with vertices A, B,
Py, M, Py, C, Ps, E (see Fig. 4, (¢)), where the points C and E have the complex
coordinates 21 (\) and 27T (7) given by (4.32), respectively. The angles at these
vertices are

71—514:—%7 WﬁB:g, wép, =2, Wiy = ——,

|
—_

(4.34)
mop, =27,  woo =Ta, Wop, =27, wop = 7T<2 _a>,

and their inverse images are the points

§A = 00, é-B = 07 €P1 =DP1, gM =K,
gpz D2, Ec = >‘7 5133 = P3, gE =T

(see Fig. 4, (b)).

But if R3(¢) has two complex zeros p; and ps (p1 € H' and ps = p1) and one
real zero ps3, then the hodograph domain % still has a polygonal boundary, but it
does not lie in the plane but rather on a two-sheeted Riemann surface formed by
two copies of the w-plane cut along a curve .Z from P; = 2% (p1) to the point
at infinity and glued together (in the standard way). We show such a domain in
Fig. 5, in the case when ps € (A, 7); here # is a (two-sheeted) hexagonal domain
with vertices A, B, M, C, P3, E, where C and E have complex coordinates 27 ()
and 2271 (7) given by (4.32), respectively. The angles at these six vertices are the
same as in the case when # is schlicht (see (4.34)).

To calculate the solution &1 (() of the Riemann-Hilbert problem in H' as
a Schwarz—Christoffel integral (4.29), we represent it by a set of power series con-
verging in neighbourhoods of the inverse images of vertices of # indicated above
and in neighbourhoods of some regular points in this domain and on its bound-
ary. For 227%(() such representations can be found by expanding the integrand
in (4.29) into series in fractional powers of the variable and integrating these series
termwise. This method for calculating 227 (¢) is very convenient and effective in
practical usage.

We calculate the solution .#(z) of the original Riemann—Hilbert problem (4.3)—
(4.7) in the domain G by the formula (4.33) and extend it into % using the sym-
metry relations (4.7). Here we use the results in [111] to calculate the conformal



Lauricella hypergeometric function 1009

Figure 5. The case when the polynomial R3(¢) in the representation (4.29)
has complex zeros: (a) the presence of a branch point in H* and (b) an
example of a non-schlicht hodograph domain 7.

Figure 6. A solution of the Riemann—Hilbert problem; the field picture for
£ =0.

conf

mapping ®: G —— H" and then calculate the function 2271 (¢) as we described
above.

In Figs. 6 and 7 we give examples of pictures of magnetic fields, that is, families
of level curves of the function A(z,y) in (4.12), which we calculated in ¢ by means
of the algorithm indicated above. The picture in Fig. 6 is given for y = 1 and g = 0,
while in Fig. 7 it is given for v = 1 and § = 0.5. The configuration of currents (see
Fig. 3) in Figs. 6 and 7 has the following geometric parameters: a = 0.4, b = 1,
p=1 and ra = w/4.
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Figure 7. A solution of the Riemann—Hilbert problem; the field picture for
B=0.5.

5. Applications to the Schwarz—Christoffel parameter problem

5.1. Representing the system of non-linear equations for the parameters
in terms of the Lauricella function. In this subsection we discuss in greater
detail the connection mentioned in § 1.4 between the theory of the function F' j(DN)
and the Schwarz—Christoffel parameter problem. In what follows we consider a con-
formal mapping p: HY —— conf, % of the half-plane H* onto a polygonal domain %
with N + 3 vertices z; (see Fig. 8). We number the points z;, the corresponding
angles 7(3;, and the inverse images ¢; = p~'(z;) by indices from 0 to N + 2. The
number of vertices is such that the equations in the system for ¢; can conveniently
be expressed in terms of the Lauricella function of NV variables.
The mapping u subject to the conditions

Co = (20) =0, (vi1=p Heng) =1, and (a2 = p H(eng2) = o0,

is expressed as a Schwarz—Christoffel integral:

¢ N
z=p(() = %/Z o {H (t— Cj)ﬂj_l] (t—1)Pvetar+ o, (5.1)

j=1

where the inverse images (j, j = 1, ..., N, and the coefficient % are the unknowns.

Assuming that the z; are finite, j = 0,..., N 41, so that §; € (0,2), we obtain the

following system of N + 1 equations for determining the vector x := (1, ...,(y) of
inverse images and the coefficient £ (see [92], [93], [97]):

Holy(x) =Ly,  k=0,...,N, (5.2)

where the Ly = |zi11 — zi| are the lengths of the sides of the polygon and

Ck+1
el
Cr

I (R R SR CE

Jj=1
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[ H+ conf B

H+

(N 1=(nt1 (N2 — 00

Figure 8. A conformal mapping of the half-plane onto a polygonal domain.

For further arguments it is convenient to introduce the vector a and numbers b
and c connected with the characteristics 3; of the angles of the polygon by the
formulae

a=(ay,...,an), aj:=1-p0;, j=1,...,N,

N+1 N (5'4)

bi=—14 (1-0;), ci=» (1-0).
j=0

§=0
Making the change of variable t = (i + ((x+1 — ()7, 7 € (0,1), in the integrals
(5.3) and using the Euler-type representation (1.6), we express these integrals in
the form
I (x) = Cr F(a; b, ¢; %), k=0,...,N, (5.5)
where the coefficients are given by

I'l+lal —¢)T(1 —a1) I'(1—an)l(c—0)

Co = y Cn = ;
0 I'(2+|ag n| —¢) N Fl+c—b—an)
Pl — a0l — ay) >0
Cp = il Gt1) g =1, N1,
I'(2—ap —ags1)
while the functions .#(x) = F(a; b, ¢;x) are expressed in terms of F](DN) by
N
To(@a;b, e;x) = ¢ TNl ( I1 g“ﬁ)zrgv) (a0; bo, co; Xo), (5.7)
=2
=ﬂ®wmm%=dwﬁ@u—@V”“%“ﬂ—@f%*
- N
H G- I (G — G~ FSY (ans b, e (1 — ),
=1 j=k+2

(5.8)
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and

I (aibeix) = O (1= Gy)

N—-1
X H (N — Cj>_ajF(DN)(aN§bNacN§ (1 —xn)), (5.9)
=1

with ag, b, and ¢ expressed in terms of the quantities in (5.4) by

ap = (az,...,an,1+b—c), bp:=1+]a|—c, co:=2+agn|—c, (5.10)

ak::(C_‘a|aa15"'7ak*1?ak+2a"'7aN’1+b_c)7 (511)
b, =1 —ag, Cp:=2—ap— ak+1,
ay = (c—lal,a1,...,an—1), by:=1l—an, cy:=1+c—b—ay, (5.12)
the vectors x;, expressed in terms of the (;, j =1,..., NV, by
(88 ), XN;:(l,cl,_..;Nl)’
Q¢ SN N (5.13)

GG G G TG G

and % (x) defined by (2.28).
It is easy to see that the quantities (5.7)—(5.9) are expressed in terms of the

._ <Ck+1 G1 Ck 1 Ck+2 CN 1)
X =

solution 02/1(1) of the Lauricella system of equations (1.5) with parameters (5.4) by
the formulae

Fo(asb,e;x) = %V (ash, 1+ |a| +b—c; 1 — x),
S(a;b,c;x) = §k_b%1(1)(5k;b, 14b—ag;xx), k=1,...,N,

where a; := (ag41,01,...,0k-1,0k+2,--.,aN,1 — c+ D), and the function %1(1)
defined by (2.81) has the form

w M (@b, c;z) = (1 - z1>c—a1—b(ﬁ(1 - zl)_‘“>

=2
x ng)(c— |al,az,...,an;c—b,1+c—a1 —b; D (1 — z)). (5.14)

Using Theorems 2 and 4, we can show that the quantities %, regarded as functions
of (¢1,...,C(n), are solutions of the system (1.5) with one and the same set of
parameters connected with the angles of the polygon by (5.4).

In a similar way it is easy to see that the integral in (5.1) over the interval between
any two points ¢; and (i (k # j) can, like I}, be expressed in terms of FlgN). For
example,

Ini1(x) ::/ Po— 1H t 1)5N+1 Lt = IWFEN)(a;b,C;X),
1

(5.15)
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where we use the notation (5.4), and in deducing (5.15) we made the substitution
t = 1/7 in the integral and then used the Euler-type formula (1.6).

In the case when some vertex z; is infinite, so that the characteristic Gy of
some angle is negative, the integrals I, and I;;; diverge and therefore the sys-
tem (5.2), (5.3) must be modified. For example, if 8 € (—2,0), then the kth and
(k + 1)st equations in this system can be replaced by the two equations

ALy (x) = H (5.16)
where
N
= ‘/i o L= ¢)P = 1)y, (5.17)
T j=1

the contour I',, begins at (;_1, continues into the upper half-plane, goes clockwise
around (, and (continuing into the lower half-plane) returns to (x_1, while the
contour F; begins at (i41, continues into the upper half-plane, goes anticlockwise
around (, and (continuing into the lower half-plane) returns to (;+1. The quantity
H, :=|z;_; — zi—1| on the right-hand side of (5.16) is the distance between the
vertex zj—1 and its reflection z;_, in the side (2, zr+1), while H,j =251 — 2kl
is the distance between z; 11 and its reflection z;, ; in the side (zx_1, 2k)-

On the other hand, if 8 = 0 and Bk_1, Bk+1 € (0,1), then the kth and (k + 1)st
equations above can be replaced by the following equation (we use the complex
notation):

%Tk(x) = Zk4+1 — Rk—1, (518)
Ii(x) := / tho—1 H — )Pt — )Pyt (5.19)
Tk
where the integration contour T'y joining (1 and (1 lies in H¥ \ {Co, ..., (o}

(except for the endpoints). The left-hand sides of (5.16), (5.17) and (5.18), (5.19)
can be expressed in terms of the Lauricella function if instead of the representa-
tion (1.6) we use the representation for this function via integrals over Pochhammer
loop contours indicated, for instance, in [13].

The cases considered do not exhaust all possible configurations of polygonal
domains #. The reader can find details on the formation of systems of equations
for the inverse images in [93]. Below we give an example of the construction of a
conformal mapping in the case when the domain is finite and the system of equations
for the parameters of the Schwarz—Christoffel integral (5.1) has the form (5.2), (5.3).

5.2. An example of the construction of a conformal mapping in the sit-
uation of crowding. We illustrate the results in the previous subsection, §5.1,
by giving an example of the construction of a conformal mapping of a 10-gonal
domain . which is a rectangle with two cuts! (see Fig. 9, (a)). The vertices of .#
are denoted by M;, j =0,...,9, and the angles at these vertices are

i=0,...,9, j#3,6, 7B;=mPe=2m. (5.20)

'We have borrowed the shape of the domain .# from Grigor’ev’s Ph.D. thesis [162].
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Figure 9. The domains .#, H", and II and the correspondence of points
under the mappings jp: HT conf, M, 11 conf H*, and ®: 1 conf

The domain .# is determined by the lengths of the sides Lj;, j = 0,...,7, where
we set
L2:L3:5 and L5:L6:L0—€.

We consider the case when € and § are sufficiently small, so that the long cut
‘almost’ partitions the domain into two disconnected parts, leaving only a narrow
isthmus between the vertex Mg and the side (My, My), and the short cut only
‘slightly’ affects the behaviour of the conformal mapping near this isthmus.

The mapping p: HT <onl, # is normalized by the conditions
p(0) =0,  p(l)=Lo+iH,  p(oo)=iH (5.21)

(see Fig. 9, (a), and (b)), where H = Ly + Ly + L7 is the height of the rectangle.
The function u(¢) satisfying (5.21) is expressed as a Schwarz—Christoffel integral

¢ (t —Gs)(t — o) dt
z = =-x )
#o) / Vit — )t — )t —C)(t— G)(E— Co)(t— 1)

where the vector of inverse images ((1,...,(7) =: x and the coefficient #" > 0 are
the unknowns. To find the (;, £ =1,...,7, we have the system of equations

(5.22)

Ik(X) o &
Io(X) o LO ’

k=1,...,7, (5.23)
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where

=| [ (= &)t~ Go) e
o V=) t—CG)E—C)t—G)t—C)E—D I

After it is solved, we calculate J# by the formula ¢ = Ly/Iy(x), where x is the
vector of inverse images which is found from the system (5.23).
To express the elements of this system in terms of F’ g)

the quantities in (5.4), taking (5.20) into account:

, we start by calculating

11 11 1 1
a:(al,...,a7):(2,27—1,2,2,—1,2> b:*, c=1. (524)

Then we use (5.24) to find the vectors in (5.11):

po(lpllorny 111
0 — 27 a2a2a 7272 y 1 — 2) 7272a 7272 )
1 111 11 1 _ 1 111 11 1
az 27272727 a232 ) az = 23272727 7272 )
(5.25)
111 11 111 111
ag =\ z,5595 3 PR ) as = 7a7a7,71777737 )
2°2°2 2°2 2°2°2 2°2°2
111 111 111 11
ag = 777777_1a7a777 ) ar = 777577_177a7a_1 )
27272 27272 27272 22
together with the scalar quantities in (5.11)
1 1 1 5 5
= — _1' = — :1' = — = — :2 = —
bO 25 Co ) bl 25 C1 ’ b2 2a C2 2a b3 ) C3 27
1 1 5 5 1
= — _1' = — = — :2 = — = — :1
ba 50 =1 bs 57 C5=35; be =2, ¢ 5 bz 50 7
(5.26)
Next we calculate the coefficients Cy, in (5.5) by the formulae (5.6):
1 r(/2) 4
Co=C,=Cy=C-=I?%2) = Co=0Cr=0:=Cg = = _,
DR <2) i 2T T T I(52) 3
(5.27)
We write out the vectors xy, found from (5.13):
Xo = <Cl S} Cl) X < I G Cﬁ)
G2 Cr GG G (5.28)

G TG G G T G G

Finally, we obtain expressions for the integrals Ij in (5.23) in the form

Xp 1= (Ck—H G Gkt Gk C7 ! ) k=1,...,6.

Ik(x):ijk(a;b7c;x)7 k:(),...,7,

where .#; is found by the formulae (5.7)—(5.9) with N = 7, in which we substitute
the parameters and variables ag, bx, ¢k, and x; corresponding to the domain .#
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and calculated by the formulae (5.25)—(5.28):

7
Io(X) = Oo(H Caj>Fé7)(aO;bOaCO;X0)a

Jj=2

7
Ir(x) = Cr¢ 12 ( 11 <%)FS><a7; b e Bh(1 - 1),

j=2
(O
G2 = Gv2
><< H (|Ck—Cj)_aj>Fé7)(ak;bk,ck;@1(1—xk)), k=1,...,6.

1<5<7
Gk k+1

I(x) :=C

(5.29)
We solve the system (5.23), (5.29) numerically by Newton’s method, using the
(known) method of continuation with respect to a parameter to find an initial
approximation. The key thing here is the formulae for analytic continuation of
the Lauricella function F g) in (5.29): they enable us to make a high-precision
(essentially, machine-precision) calculation of this function at each step of New-
ton’s iterative algorithm. We note that, because of the half-integer values of the
characteristics of the angles of .#, we are in the resonant (logarithmic) case for
the Lauricella function. .
con

To illustrate the mapping pu: HT —— .# it is convenient to use the auxiliary
conf

conformal mapping ¢: II —— H™ of the rectangle IT onto the half-plane H* (see
Fig. 9) and first map the natural Cartesian grid for IT into H™, then use the function
z = p(¢) to map it into .#. Thus we obtain in .# the image of the Cartesian grid

conf

(originally constructed in IT) under the mapping ®: II —— .. Imposing on ¢ the
conditions

p(ih) = (7, ©(0) =1, o(d) = (1, p(d+ih) = (s (5.30)

(so that the points My, Mg, My, Ms on OII are taken to points with the same
names on OHT), we find ¢ in the form

() = TULZ s kw) = (G =G) (GG =G]
(1—¢)sn?(k,w) — (¢ — 1) (Gr = ¢)(1 =)

where sn(k, w) is the Jacobi elliptic function with modulus & (see [163]), calculated
in terms of the parameters of the conformal mapping (5.22) by the formula in (5.31).
The length d and height h of the rectangle are equal to the elliptic integrals K (k)
and K'(k), respectively (see [163] about these integrals).

We proceed to the calculation of the conformal mapping of .# when the lengths
of sides L; (see Fig. 9, (a)) are as follows:

Lo=2, L1 =025,  Ly=L3;=0.1, L;=05,
Ly=Lg=2—¢, £=0.001, L;=0.25
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conf

Figure 10. Results of the calculation of the mapping ®: [T —— .#: (a) the
grid in the whole of .Z and (b) the scaled grid near the narrow isthmus.

We found the parameters of the Schwarz—Christoffel integral (5.22) by solving the
system (5.23), (5.29) numerically with an accuracy of 14 significant digits, using the
above method (we used the standard 16-digit significand in our computations). It
should be pointed out that, as our calculations showed, the points (;, 7 =1,...,7,
are extremely unevenly distributed in the interval (0, 1), that is, we have the crowd-
ing phenomenon discussed in §1.4. Most of the successive inverse images lie very
close together, for example,

¢1 = 1.08006360840606 x 10~ 1, (3 — (» = 6.61626298018142 x 102,
C6 — (5 = 9.86947089484393 x 107°,

and the order of the ‘smallness’ can be quite different. On the other hand, the
distance
C7 — C6 = 0.999990130323672

is close to the length of the full unit interval containing all seven inverse images.
These results illustrate nicely the term ‘crowding’: the points (;, j = 1,...,5,
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‘cluster’ on the interval (0, (5), whose length is less than that of (0,1) by five orders
of magnitude, and furthermore the distance between the closest of the (i is less
than the length of (0, (s) by nine orders of magnitude.

In Fig. 10, (a) we give the image of the Cartesian grid under the mapping ®(w) =
1o p(w), where z = p(C) is the Schwarz—Christoffel integral (5.22) and ¢ = p(w)
is the auxiliary mapping (5.31) of the rectangle onto the half-plane. In Fig. 10, (b)
we give a scaled piece of Fig. 10, (a) showing in detail the conformal grid in the
narrow isthmus between the endpoint of the ‘long’ cut Mg and the side (Mg, Mp)
(see the notation in Fig. 9, (a)).

6. Conclusion

Integration of general hypergeometric systems of partial differential equations
is a very topical problem, interesting both theoretically and in applications. For
systems in the Horn class (1.11) we can write a particular solution in the form of
a hypergeometric series (1.8) with coefficients expressible directly in terms of the
polynomials P; and Q;. For instance, in the case of the system (1.5) the Lauricella

function Fl()N) defined in (1.4) and considered above is such a solution. On the
other hand, describing a basis of the space of solutions of the system (1.11) and an
analytic continuation of this basis is a well-known but difficult problem.

In §2 we presented a solution of this problem for the Lauricella system of dif-
ferential equations (1.5). The set of solutions given by Theorems 1-5, and sym-
metries (2.105) of these solutions provide a basis in the space of solutions of (1.5)
in corresponding subdomains of CV and are the N-dimensional analogue of Kum-
mer’s solutions (1.28)—(1.32) of Gauss’s hypergeometric equation. These theorems
present a complete set of formulae of the type (1.27) for analytic continuation
of F jgN) into the exterior of the polydisk UY. The construction of such formulae
has long attracted the attention of many authors. These formulae are an effective
tool for a qualitative analysis and calculation of FEN), and thus for computing inte-
grals of the form (1.6) for all values of z € C away from certain hyperplanes. In
this paper we did not consider the question of analytic continuation of solutions
of (1.5) other than F’ EN). Formulae for such a continuation (which is realized using
the same methods) are of interest because they provide an effective machinery for
calculating the monodromy group of the Lauricella system (1.5). We remark also
that our approach can be carried over to some other hypergeometric systems and
can also be used for analytic continuation of multivariate hypergeometric functions
in an (apparently, quite broad) class including the three other functions FIE‘N), F]g,N),

and FéN) introduced by Lauricella [6], [13].

The particular solutions of the system (1.11) presented in Theorems 1-5 are
rather complicated power series. Constructing such solutions using the method
of indeterminate coefficients is very laborious even for two variables (see [10] on
this question). It is known that multiple Mellin—Barnes integrals can be efficiently
used to find particular solutions of hypergeometric systems (see [13], [28]). How-
ever, in our paper we have used one-dimensional integrals of this type indicated
in Propositions 1 and 2, and they seem to provide a more convenient approach
to the construction of a complete set of solutions of the system (1.11) and to the



Lauricella hypergeometric function 1019

analytic continuation of it in the form (1.27). Representations of Mellin—Barnes
type (2.3) and (2.18) reduce the problem of analytic continuation of the Lauricella
function F' I(DN) into the exterior of UV to the continuation of it with respect to each
of the N variables in succession. As a result, the required formulae for analytic
continuation is obtained in N steps.

Section 3 is devoted to applications of the Lauricella function to the theory of the
Riemann—Hilbert problem. As noted in § 1.5, many authors have observed that this
problem (with piecewise constant boundary data) is connected with the Schwarz—
Christoffel integral (3.54). However, the question of finding such a representation
explicitly, including finding the polynomial Z(¢), has remained unresolved for quite
a while. For all the quantities involved in this representation we gave expressions
for them in Theorem 10 in terms of the data of the Riemann—Hilbert problem. It
is important to note we gave a closed representation for the polynomial Z({) in

terms of the Lauricella function Fg\’) without using any numerical procedures. The

derivation of the representation (3.54) was based on Jacobi-type formulae for F' j(DN)
that amount to new advances in the theory of this function. Jacobi-type formulae
can also be interpreted as relations between so-called ‘contiguous’ Lauricella func-
tions. Moreover, they make it possible to give the hypergeometric system of partial
differential equations in the alternative form of (1.11)

The seemingly unexpected connections between the Lauricella function
F EN) (a;b,c;z) and other areas in mathematics and its applications are to
a significant extent explained by the fact that any integral of the form

N+3

I(w)= [ T (t—we)™"dt (6.1)

Z k=1

can be expressed in terms of this function with N variables (see [13]), where
a:=(a1,...,an3) and w := (w1, ..., wn13) are vectors in CNV*+3, and the curve
of integration . either joins a pair of points w,, and w,, with n # m or is a certain
closed loop contour on the Riemann surface of the integrand in (6.1). The param-
eters a, b, and ¢ and the variable z are expressed in terms of the vectors a and w,
respectively, by simple expressions. The Euler-type integral representation (1.6)

for ng) is an example of such a result.

The prospective applications of the function F’ gv) include the problem of ‘crowd-
ing’ for the parameters of the Schwarz—Christoffel integral, which we again point
out as a problem that has attracted the attention of many researchers (for instance,
see [97], [99]). It has many very interesting theoretical and computational aspects,

and formulae for analytic continuation of F lgN) are a key to the analysis of these
aspects.

The author is deeply indebted for valuable discussions and profound comments
to V.I. Vlasov, S.L. Skorokhodov (Federal Research Center “Computer Science
and Control” of the Russian Academy of Sciences (RAS)), B. V. Somov (Sternberg
Astronomical Institute at Moscow State University), V. E. Nazaikinskii (Institute
for Problems in Mechanics of the RAS), A.P. Soldatov (Federal Research Center
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cal Institute of the RAS), S.Yu. Dobrokhotov, and the participants of the sem-
inar “Asymptotic Methods in Mathematical Physics” (Institute for Problems in
Mechanics of the RAS), the participants of the seminar led by A.K. Gushchin
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