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PREFACE

The importance of the classical orthogonal polynomials of Jacobi, Laguerre
and Hermite for the contemporary mathematics, as well as for wide range of their
applications in the physics and engineering, is beyond any doubt.

It is well-known that these polynomials play an essential role in problems of
the approximation theory. They occur in the theory of differential and integral
equation as well as in the mathematical statistics. Their applications in the quan-
tum mechanics, scattering theory, automatic control, signal analysis and axially
symmetric potential theory are also known.

At the focus of the present book are the classical orthogonal polynomials
{Pyﬁo"ﬁ)(z)}%go, {L%a)(z)}%ozo and {Hy,(z)}5°, of Jacobi, Laguerre and Hermite and
their associated functions {Q%a’ﬁ)(z)}%ozo, {Mfla)(z)}%ozo and {Gp(z)}52,, mainly
as tools for representations of holomorphic functions. The core of the discussions
are the problems arising in expanding of holomorphic functions in series of the
Jacobi, Laguerre and Hermite systems, i.e., in series of Jacobi, Laguerre and Her-
mite polynomials and in their associated functions, as well as the applications of
the obtained results in the complex analysis.

Following Tricomi, in Chapter I we introduce the classical orthogonal polyno-
mials by means of Rodrigues’ type formulas. This is just one possible way to define
these polynomials without any restriction on the parameters a, 3 in the case of
Jacobi, and on « in the case of Laguerre polynomials.

Since the weight functions for the Jacobi, Laguerre and Hermite polynomials
satisfy differential equations of Pearson’s type, it follows immediately that these
polynomials are solutions of differential equations of hypergeometric type. This
means that the classical orthogonal polynomials appear also as particular cases of
the hypergeometric functions.

The orthogonality of Jacobi, Laguerre and Hermite polynomials with respect
to corresponding weight functions on suitable rectifiable Jordan curves in the (ex-
tended) complex plane is established under the single assumption that the complex
numbers o+ 1,3+ 1 and aa+ #+ 1 are not equal to 0, —1,—2,.... As a corollary,
it is shown that each of the systems {Pﬁa’ﬁ)(z)}?f:o, {L%a)(z)}%‘lo and {Hy(2)}02,
is a solution of a linear recurrence equation of second order.

The associated Jacobi, Laguerre and Hermite functions are defined, by means of
suitable Cauchy type integral transforms, as ”second” solutions of the correspond-
ding recurrence equations. Then, as a corollary, the existence of Christoffel-
Darboux type formulas for the Jacobi, Laguerre and Hermite systems is estab-
lished.

Chapter II presents various and mostly familiar integral representations of the
classical orthogonal polynomials and associated functions. Among them, e.g., are
those for the Laguerre polynomials and associated functions, which involve Bessel
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functions of different kind. From the numerous generating functions we have
chosen only those used in the next Chapters. Some of them, and especially those
for the Jacobi polynomials, have more general form than those occasionally occur
in the literature.

The asymptotics of the classical orthogonal polynomials and associated func-
tions is studied in Chapter III. The classical Darboux’ method is applied to the
Jacobi polynomials {PT(ZO"ﬂ )(z)}%ozo and, as a result, we have an asymptotic for-
mula for these polynomials in the region C \ [—1, 1], when the parameters «, 3
are arbitrary complex numbers. The asymptotic formula for the Jacobi associated
functions {Q%O"ﬂ )(z)};?f:o in the same region is obtained using their expansions in
terms of the powers of the corresponding inverse of Zhukovskii function provided
a+1,8+1and o+ g+ 2 are not equal to 0, —1,—2,....

Using Szego’s asymptotic formula for the Hermite polynomials as well as Us-
pensky’s integral representation of Laguerre polynomials in terms of the even Her-
mite polynomials, we derive an asymptotic formula for the Laguerre polynomials
{L%a)(z)}?f:o in the region C \ [0, 00), with no restriction on the parameter .

In Chapter IV we use the asymptotic formulas and inequalities for the sys-
tems of classical orthogonal polynomials and their associated functions in order
to give a full description of the regions and the mode of convergence of series in
these systems. The existence of Cauchy-Hadamard’s formulas as well as Abel’s
type theorems confirms that there is a close analogy with the power series. For
example, it is proved that the regions of absolute convergence of the series under
consideration coincide with their regions of convergence.

In Chapter IV we consider also the problem of uniqueness of the representations
in Jacobi, Laguerre and Hermite series. In general, the orthogonal expansions
have the uniqueness property and we elucidate the difficulties arising when this
property has to be proved for series in Jacobi, Laguerre and Hermite polynomials.
The uniqueness of the series expansions in the corresponding systems of associated
functions follows from the asymptotic formulas for these systems only.

Chapter V is the central one in the book. The main problem we study there
is to describe the C-vector spaces of holomorphic functions possessing series rep-
resentations in the Jacobi, Laguerre and Hermite systems.

Denote by E(r), 1 < r < oo, the interior of the ellipse e(r) with focuses at the
points —1 and 1 and with the sum of its semiaxes equal to r. Let E*(r),1 < r < oo,
be the exterior of e(r) with respect to the extended complex plane C = C U {oo},
i.e., B*(r) =T\ E(r), and assume that E(co) = C and E*(1) =C\ [-1,1].

It is a familiar fact that if 1 < r < oo, then the system of Jacobi polynomials
{Pfla’ﬁ )(z)}%ozo is a basis of the space H(E(r)) of the complex-valued functions
holomorphic in E(r). Likewise, if 1 < r < oo, then the system of Jacobi associated
functions {Q,(@a’ﬁ )(z)}?f:o is a basis of the space of the complex-valued functions
holomorphic in the region E*(r) and vanishing at the point of infinity. Let us note
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that these properties of the Jacobi systems are established in Chapter V when the
parameters «, 3 are arbitrary complex numbers such that a + 1,8+ 1, + 3 + 2
are not equal to 0, —1,—2,....

Let 0 < 19 < oo and S(7p) be the strip defined by the inequality |Im z| < 79,
and assume that S(oo0) = C. Using the inequalities for the Hermite polynomials in
the complex plane, included in Chapter III, it is easy to prove that the space H ()
of complex-valued functions holomorphic in S(7y) and having there representations
by (convergent) series of Hermite polynomials is a proper subspace of the space
H(S(79)) of complex-valued functions holomorphic in the strip S(7g).

E. Hille gave in 1940 a growth characterization of the functions in the space
H(7o). He proved that a function f € H(S(1)) belongs to the space H(7) if and
only if for each 7 € [0, 7)) there exists a positive constant K = K(7) such that
1£(2)| = |f(z + iy)|] < Kexp{a?/2 — |z|(7> — 42)*/2} whenever |Imz| < 7. A
complete proof of Hille’s theorem is included in Chapter V.

Let A(X),0 < Ao < o0, be the interior of the parabola p(\g) with focus at
the origin and vertex at the point —A2, and assume that A(co) = C. Denote by
L ()\) the space of complex-valued functions holomorphic in the region A()g)
and expandable in (convergent) series of the Laguerre polynomials {L%a)(z)}%ozo
there.

Using partly Hille’s theorem, H. Pollard solved in 1947 the problem of finding
a growth description of the functions in the space £(®()\;) when o = 0. In fact,
he proved that a function f € H(A(\y)) belongs to the space £ (\o) if and
only if for each A € [0, A\g) there exists a positive constant L = L(\) such that if
Re(—2)Y/2 < \, then f(2)| = |f(z + iy)| < Lexp(o(X;z,vy)), where

x2—|—y2—|—m_{ x2+y2+x<)\2_ /x2+y2—x)r/2

4 2 2

e\ x,y) =

The validity of Pollard’s theorem for every a > —1 was established by O. Szész
and N. Yeardley in 1958. Our approach to the same problem is based on the Uspen-
ski integral transform, which in fact is a fractional operator of Riemann-Liouville’s
type. We prove that Pollard’s theorem is valid under the only assumption that the
complex parameter « is not of the kind k+1/2+in with k € Z and n € R* = R\ {0},
as well as that «+1 € C\ Z~. In particular, it holds for each real a different from
—1,—2,-3,.... The case a = k + 1/2 +in with k € Z and n € R* is still an open
problem.

Let us note that the growth description of Hille’s or Pollard’s type of the

holomorphic functions having representations by series in Hermite or Laguerre
associated functions, is also still open.

The last section of Chapter V is devoted to the problem of holomorphic exten-
sion of complex-valued functions defined on intervals of the real line or on smooth
Jordan curves in the extended complex plane passing trough the point at infinity.
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The main topic in Chapter VI is the series representations of holomorphic
functions by means of Laguerre and Hermite systems in terms of classical integral
transform. First we discuss how the integral representation of Laguerre polyno-
mials by means of Bessel functions of the first kind allows to obtain the spaces
LY(N),0 < Ay < oo as Hankel’s type integral transforms of suitable spaces of
entire functions of exponential type.

Let A*(uo) := C\ A(pp) if 0 < pyp < oo and A*(0) := €\ [0,00). Denote
by M@ (1) the space of complex functions holomorphic in the region A* (1)
and having representations by (convergent) series in the Laguerre associated func-
tions {Mﬁa)(z)}%ozo. Then, in Chapter VI, we prove that each of the spaces
M@ (1g),0 < py < 00, is the image of a space of entire functions of exponen-
tial type under a Meijer’s type integral transform.

On the basis of the relations between Laguerre and Hermite systems, we obtain
further corresponding results for the Hermite series. More precisely, we emphasize
that the holomorphic functions, representable by series in Hermite polynomials or
associated functions, are Fourier transforms of suitable entire functions.

In the final part of Chapter VI we discuss the expansion in series of Laguerre
and Hermite polynomials of entire functions of exponential type in terms of their
indicator functions.

In the first two Sections of Chapter VII the main attention is paid to the
convergence and Cesaro’s summability of positive order of series in the Jacobi
and Laguerre polynomials on the boundaries of their regions of convergence. The
results obtained are analogous to well-known theorems for the Fourier series. A
typical one is a (C, d)-version of the classical Feijer’s theorem for a class of series
in the Laguerre polynomials.

In the last Section of Chapter VII it is shown that a classical theorem of Fa-
tou for the power series can be extended to series in the Laguerre and Hermite
polynomials and associated functions. Especially, in the case of series in the La-
guerre polynomials {L%a)(z)}%io, it is to be noted the unexpected fact that the
corresponding Fatou type condition on the growth of their coefficients involves the
parameter «.

Without any pretentions for completeness, a review on singular points and
analytical continuation of holomorphic functions defined by series in the classical
orthogonal polynomials is included as a final part of the book. It is simply an
effort to make a bridge between classical theorems about power series and series
in Jacobi, Laguerre and Hermite polynomials.

The theory of the classical orthogonal polynomials and their associated func-
tions in the complex domain is a ”great user” of special functions. For readers,
whose familiarity with them is restricted, in the Appendix all we need in this book
from the theory of classical special functions is given.



Chapter I

JACOBI, LAGUERRE AND HERMITE POLYNOMIALS AND
ASSOCIATED FUNCTIONS

1. Pearson’s differential equation

1.1 Let A and B # 0 be polynomials with complex coefficients such that
deg A < 1 and deg B < 2. If deg B = 2, then B has two roots z; and z; in the
complex plane which may be distinct or coincident. If deg B = 1, then we still
assume that the polynomial B has two roots: one at z; € C and the other one at
the point of infinity. If B = Const# 0, then we agree that both z; and 2 coincide
with the point co. If A # 0, then we assume the same for the polynomial A.

(I.1.1) The differential equation
(1.1) B(z)w' — A(x)w =0

has holomorphic nonzero solutions in each simply connected region G C C\{z1, 22},
i.e. in each simply connected subregion of the complex plane not containing finite
roots of the polynomial B.

Proof. Since the region G is simply connected and the function A(z)/B(z) is
holomorphic there, it has a primitive in G. Such is the function

f(2) = / (AQ)/B(Q) de.

where z; is a fixed point of G,z € G and the path of integration is an arbitrary
rectifiable curve lying entirely in G’ and connecting the points 2y and z.

A direct computation yields that the function w defined by w(z) = exp{f(2)}
for z € G is a solution of the equation (1.1) in G and, moreover, w(z) # 0 whenever

z € q.

Remark. Each holomorphic solution w of the equation (1.1) in a region not
containing the roots of the polynomial B is either nowhere zero or it is identically
zero. Indeed, if w(zp) = 0 at a point z of such a region, then successive differ-
entiation followed by replacing z by zy leads to w(k)(zo) =0, k=1,2,3,... and,
hence, w = 0.

(I.1.2) Suppose that w(z) # 0 is a solution of the equation (1.1) in the region
G C C\ {z1,22}. Then for each n =0,1,2,... the function W), defined by

1 dr

(1.2) Wn(z) = w(z) do B"(z)w(z)}
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is a polynomial of degree at most n.

Proof. Define Ay(z) =1 and A;(z) = A(z). Then

wh(z)  Ag(z) s B
(1.3) o) = B €G, k=0,1,2,...,

where A;. is a polynomial of deg A;, < k. Indeed, (1.3) is satisfied when k = 0, 1.
Suppose that (1.3) holds for some k > 2. By differentiation of (1.3) we obtain

wk) () - w®)(2) w'(2) _ Al (2)B(z) — k:Ak(z)B’(z)‘
w(z) w(z)  w(z) BE+1(2)

Then, having in mind (1.1) and (1.3), we can write

wh () AL(2)B() - kAR(2)B'(2) + A(2)Ag(2)
w(z) Bk+1 (2)

Let us denote Ay, (2) = A} (2)B(z) — kAy(2)B'(2) + A(2)Ag(z). Since, by
assumption deg A < k, we conclude that deg Ay, <k + 1.

Likewise we prove that for each £ =0,1,2,...,n,
(1.4) (B"(2)"" = B¥(2) B, (2),

where B, ;. is a polynomial of deg By, j, < n — k.

Since
(15) W) = 3 () An(e) Bus(a)

the desired assertion follows from (1.3), (1.4) and the Leibniz rule.

Remark. The polynomials {W),(2)}52,, defined by the equalities (1.2) in the
region G, depend neither on G nor on the solution w(z) of the equation (1.1).
They are uniquely determined by the coefficients of the polynomials A and B.

(I.1.3) In the cases:

00 # 21 F# 2y F# 00

21 # 00, 29 =00,deg A =1;
21 =2z =00,deg A =1;

21 = 29 # 00, A(21) # 0,

SEssEs



Pirson’s diferential equation

the equation (1.1) can be transformed by means of a linear substitution of the
independent variable (z — Az + p) to exactly one of the following forms:

~

(&) %::_1gz+lf—z;
(C2) %l:a;z;

(Cs) %/:—227

oy ¥ mest

We leave the proof of the above assertion to the reader as a simple exercise.

1.2 The classical polynomials of Jacobi, Laguerre and Hermite are related to
the cases C4), Cy) and Cj3), respectively. For particular choice of the region G in
each of these cases, the corresponding solutions of the equations (C), (C2) and
(C3) have the form:

C) G=G; =C\{(-00,—-1]U[1,00)}, w(z)=(1—-2)*1+ z)ﬁ;
Cy) G=Gy=C\ (—00,0], w(z)=2%exp(—2);
C3) G=G3=C, w(z)=exp(—2?),

where, by definition, (1 — 2)*(1 + 2)% = exp{alog(l — z) + Blog(1 + z)} and
2% = exp(alog z).

(I.1.4) (a) Ifa+(+2 ¢ 2z~ U{0}, i.e. a+ [ +2 is not equal to0,—1,—2,..
then for each n = 0,1,2,... the polynomial (1.2) with B(z) = 1 — 2? and w(z)
= (1—2)%(1+2)P, 2z € Gy, is of degree n;

(b) for each « € C and n =0,1,2,... the polynomial (1.2) with B(z) = z and
w(z) = 2%exp(—2), z € Gy, Is of degree n;

(c) for eachn =0,1,2,... the polynomial (1.2) with B(z) =1 and w(z)

= exp(—2?) is of degree n.

*

Proof. (a) In this case
n
Wa(z) =Y A p(1—2) 1 +2)"F n=012,..,
k=0

where
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Therefore,

(1.6) (—=1)"(n)) "' Wy (2)
i <n+a)(nzﬁ)(l—z)k(urz)”—k,n:0,1,2,....

From the last representation it follows that if n > 1, then the coefficient of 2"
in Wp,(z) is equal to

(1.7) (—1)%!}{2”: (Zt;‘) ("Zﬂ>

Further we use the combinatorial identity

(1.8) é(n+a)(nzﬁ):<2n+s+ﬁ>'

It can be obtained by multiplication of the two power series

nta — (n+a D
(1+2)"=>" , )7 <t

p=0

o0
(1+2)"P = Z<n+ﬁ>, |z| < 1.
q=0

We have
> n+a\/n+p
<1+z>2n+a+ﬁzz{ 3 ( )( )} 2 <1,
§=0 “p+q=s p q

But on the other hand

o0
(1+ Z)2n+a+ﬁ _ Z (Zn—i—a + ﬁ) 2z <1

S

5=0
and, hence,
Z (n-i—a) <n+ﬂ> _ (2n+a+ﬁ>‘
prg=n \ P q "
Then from (1.7) and (1.8) it follows that the coefficient of 2" in W), (z) is equal to
(1.9) (—1)%!(2” +7‘:+ﬁ), n=1,2,3,....



Pirson’s diferential equation

Since av + B+ 2 ¢ z= U {0}, this coefficient is different from zero for each n =
1,2,3,.... But from Wy(z) =1 it is seen that the same holds for n = 0.

(b) The Leibniz rule gives in this case that

& n+a L
(1.10) Z 2 n=0,1,3,....

k=0

From the above representation it follows that the coefficient of z"
(1.11) (-D)", n=0,1,2,...,

i.e., it is always different from zero.

c) Let v be a positively oriented circle centered at the point z. Then
8 y

_ n! exp(—¢?) _
Wa(z) = 271 exp(—22) /V (¢ — z)ntl dc, n="0.1,2,.

After the "translation” ¢ — ( 4+ z we obtain

(1.12) Wi(z) = %AeXp(_C%2+: 220 4 n=0.1.2.....

where v is a positively oriented circle with center at the origin.

Since
exp(—(* — 22¢) = exp(—(?) exp(—22()

(1008 S5 Dtk g (R ey
-3 LR S U S (s S )
k=0 v=0 k=0
for each ¢ € C, (1.9) yields that
[”/21 k(o \n—2k
(1.13) Wi (2) n'z ;')n(z_z) ., n=0,1,2,....

Obviously, in this case the coefficient of z" in W), is equal to
(1.14) (-)"2", n=0,1,2,...,

and, hence, degW,, =n, n=0,1,2,....
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2. Definition of Jacobi, Laguerre and Hermite polynomials

2.1 In the case C}) the polynomilas (—1)"27"(n!) "Wy (2),n = 0,1,2, ... with
a+ B+2¢ 7z U{0} are called Jacobi polynomials with parameters a and f3.
Usually, they are denoted by {Pﬁa’ﬁ )(z)}%‘;o. From this definition it follows that

@0 A = o e g @ 9

z€C\{(-00,0]U[0,00)}, n=0,1.2,....
Then (1.6) enables to get the representation

(2.2) P(O"ﬂ i (n—l—a) (n2ﬁ>(1;z>k<1—gz>nk7

=0

zec, n=0,12,....

Denote by p aﬂ), n=20,1,2,... and qn ’ﬁ), n=1,2,3,..., the coefficients of
2" and 2" 1, respectively, in the n-th Jacobi polynomial with parameters o and
(. Then (1.10) with A\, = (=1)"27"(n!)~! yields

(2.3) pga»ﬁ>:2—n(2"+“+ﬁ),n:0,1,z,....

n

o, 3)

In order to calculate qn “P) we use the polynomial

piots =i =S () () G )

k=0

Obviously,

(2.4) AP {dz B, )}220, n=1,23,....

and as a result of (1.9) and (2.4) we obtain
n
(@) _ 2n+ o+ 41 n+a\/n+p
2.5 —2 =1,2,3,....
25) g =m0 (S S (T (") =2
k=0
From the expansions

o+ )+ =3 (" TP) <

q=0

10



Definition of Jacobi, Laguerre and Hermite polynomials

2(n+ B)(1 4 2)*(1 + )1 Z{ > (”Jra)(“ﬁ)}zs, 2] <1,

$=0 p+q=s q

2(n+ ) +Z)2n+a+671 _ Z(n+5) (Qn—I—oz-i-ﬁ - 1)28“7 o<1,

s
5=0
it follows
n
2 -1
Zk(”“‘) (n+ Bk) = (n+ﬁ)< ”*O‘_*f ) n=1,23,....
— n
After some standard algebra, from (2.5) we obtain
2 -1
(2.6) qga@:z—n(a_ﬁ)(”*“f ),n:1,2,3,....
n —

2.2 In the case C,) the polynomials (n!)™'Wy,(z), n = 0,1,2,... are
called Laguerre polynomials with parameter «. Usually, they are denoted by
(L (2)}50-

The above definition yields

1 d"
nlz®exp(—=z) dz"

(2.7) Ly (z) = {z"+e

eXp(_Z)}7

z€C\ (—00,0], n=0,1,2,...,

and by means of (1.10) we arrive to the representation

(2.8) L\ (2) :zn: (=DF (Z—'_—Z)zk n=0,1,2,....

Let l%a), n=20,1,2,..., and m%a), n=1,2,3,..., be the coefficient of z" and

2"~ respectively, in the n-th Laguerre polynomial with parameter . Then from

(2.8) it follows that

_1)»
(2.9) zw:( ),n:O,l,Z,...,
n!
and
_ln—l
(2.10) @ = CVT ) s

(n—1)!

2.3 In the case C3) the polynomials (—1)"W,(z), n =0,1,2,... are called
Hermite polynomials and are denoted by {H;,(z)}52,. From this definition it

11
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follows that
(2.11) Hyp(z) = ————{exp(—2*)}, n=0,1,2,...,
and (1.13) leads to the representation

/2] k(o \n—2k
—1)%(2
(2.12) Hy,(2) = n! 1; ( k:!zn(—zgk)! , n=0,1,2,....
=0

If we denote by hy, n=0,1,2,..., the coefficient of 2" in Hy,, then from (2.12)
we obtain

(2.13) hp=2" n=0,1,2,....

3. Orthogonality. Recurrence relations

3.1 The orthogonality of Jacobi polynomials in the ”classical” case, i.e. when
a > —1 and B > —1 or, more generally, when Rea > —1 and Re 3 > —1, is given
by the following assertion:

(I.3.1) If Reaw > 1 and Re 3 > 1, then

1
(3.1) / (1= 02(1 + PO () PO ) dt = 1P5,0, min=0,1,2, ..,

—1

where
a+f+1
2 I‘(a—kl)f‘(ﬁ%—l), it = 0;
(3 2) L(%a’ﬁ) _ F(O& + 6 + 2)
' a+3+1
2 I'n+a+1)I'(n+p+1) o

n2n+a+ 08+ 1)I(n+a+B+1)

Proof. Forn =0,1,2,... and £k =0,1,2,...,n we define
o _ [ 8
P ):/ (1 - 1)1+t PP (1)t at.
—1

The substitution of the n-th Jacobi polynomial in the integrand by (2.1), fol-
lowed by integrating by parts leads to

_1\n+kpy 1 gn—k
(3.3) pled)  CUTTH / -y ar
’ 1

nl2n _

Since Rea > —1 and Re 8 > —1, we have
n—k—1 P

lim ————{(1—)""*(1 +¢)"*"} = =1,2,3,...
iy g (00T 20 =123,

12
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for each k =0,1,2,...,n — 1. Then from (1.3) it follows that

k 1 n—k—1
(a,8) _ (=1)" k! dd n+o n+03 _
P _—jﬁﬁ——_ﬂa{&ﬁjgﬂu—w) (1+1) &dt_o

whenever n > 1 and £k =0,1,2,...,n— 1.

Since the system of monomials {1,¢,¢%,...,t" 1}, n > 1 is a basis in the space
of polynomials of degree not greater than n — 1, the n-th Jacobi polynomial is
orthogonal on the interval (—1,1) to any polynomial of degree less than n with
respect to the weight function w(t) = (1 — t)®(1 + ¢)5. Thus, the equalities (3.2)
are proved when m #n, m,n=0,1,2,....

From (3.3) it follows that for n =0,1,2,...

1

P = 2—”/ (1= &)™ (1 + )"+ .

—1

Substituting t = 2u — 1, we obtain

1
Pr(ﬁﬁﬂ) _ 2n+a+ﬁ+1/ un+ﬁ(1 _ u)n—i-a du
0

B (4 o+ )T (n+ B+ 1)
= B 4 B4l n+a+ 1) = :
(n+8 ) F@2n+a+5+2)

On the other hand, Pf&a’ﬂ ) (t) = p%a’ﬂ )t”—ka,La_’? ) (t), where Rgla_’l) is a polynomial
(o, 0)

of degree less than n provided n > 1 and R,,”]

mind (2.3), we find that

= 0 when n = 0. Then, having in

[ a-veasnipedopa

—1

1
:i/(1_wau+¢Wpyﬁkw@$ﬁ%n+3$fkwyﬁ

—1
1
= pii? / (1= D1+t PPy dt = pi? PG
—1

_ (2t at A\2HT (o D+ B+1) )
= T(2n+a+3+2) -

which confirms the validity of (3.1) also for the case m =n, m,n=0,1,2,....

n

3.2 The Jacobi polynomials have the property of orthogonality also ”outside”
the segment [—1, 1] even in the case when one of the requirements of (1.3.1) is not
satisfied. More precisely, the following assertion holds:

13
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(I.3.2) Suppose that a«+ 1,5+ 1 and o+ 3+ 2 are not equal to 0,—1, -2, .. ..
Then there exists a complex-valued function ¢(«, (3; z), holomorphic in the region
C\ [-1,1], such that

(3.4) / (e, ; 2) PP (2) PO (2) iz
Y

= 2miIPind(v; [1,1)6pmn, m,n=0,1,2,....
for each closed rectifiable curve v C C\ [1, 1].

Proof. Let Rea > —1,Re 8 > —1 and define

1 o\« 3
(3.5) go(a,ﬁ;z):—/ A=DTA+D7 0 cen 21,1,

—1 t—z

Then, the generalized Cauchy formula yields

/ (e, B 2) PP () PP (2) dz
:

_ / PO () PP (2) d / Paooeen?
Y

1 t—z

1 (@.0) ¢\ ple,f)
=/ (1—t)0‘(1+t)6dt/ P 7(2)P0 *(2) dz
—1 5 z—1

1
— ind(7; £)2mi / (1= 0201 + 6P P (1) PP (1) gt

—1

Since ind(v; t)=ind(vy; [-1, 1]) when ¢t € [—1, 1], the equalities (3.4) simply occur
as corollaries of (3.1) in the case under consideration.

For each v =1,2,3,... the function ¢, («a, 3) defined by

dt

1-1/v N 3
%(a,@;Z):_/ (1-1)*(1+1)

—1+1/v t—z

dt

o /1_1/” exp{alog(l —t) + Blog(1+1t)}
—14+1/v t—=z
is holomorphic as a function of the complex variables a € C, € C and z

€ ¢\ [-1,1]. Moreover, lim, 0 pu(a, 5;2) = ¢(a, 5; z) uniformly on each com-
pact subset of the subregion of C? defined by the inequalities Rea > —1,Re 8 > —1
and the requirement z € C \ [—1,1]. Therefore, p(«, ; z) is holomorphic in this
subregion as a function of the complex variables «, 5 and z.

14
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From the identity

1 1 {t+z+ 1}
(1—)(t—2) 1—-22l1—#2 t—2J)

considered for t € (—1,1) and z € C\ [—1, 1], we get

(e B 2) = /1 (1—t)*+H(1 4 t)6+1 g 1 {/1 Hl— (14 t)ﬁ »

o A=) (t—2) 1-221)
+z/1 (1—6)(1+t) dt — /1 (1= t)a;_“; Dl dt}.
But 1 o++1
/_1(1 e+t de =2 F?;O‘:ﬁlfé)ﬁ 1)
and ) .
/ t1— )1 +t) dt = / (1—8)%(1+t)5*+ dt
1 a+B+27 (o
—/_1(1 — (17 dr =2 FE)E +J;31f;)ﬁ+ 2
20PN (a+ DB +1) 2T (0 + DI(B+ 1D)(B— o)
I'(a+/+2) B I'(a+ 5+ 3)
Hence,
(3.6) (1= 2%)p(a, B;2)
_ 2P (a + )G + 1)

Ma+5+3) [6_a+(a+ﬁ+2)z]+<ﬁ(0é+1,ﬁ—|—1;z)}.

The above relation was proved for z € C\ [-1,1] provided Rea > —1 and
RefB > —1. It gives the analytical continuation of the function p(«, 3;z2), as a
holomorphic function of the variables «, 8 and z, in the region (C\ Z7) x (C\
z~) x (C\ [~1,1]). We denote this analytical continuation again by ¢(«, f; z).

If m, n are fixed, then the both sides of equality (3.4) are holomorphic functions
of the variables o and (3 in the region B = (C\ Z~) x (C\ Z~). They coincide in
the subregion of B defined by the inequalities Rea > —1,Re 3 > —1. According
to the identity theorem, they coincide in the whole region B.

3.3 The orthogonality of the Laguerre polynomials when Rea > —1 is given
by the following proposition:

(I.3.3). If Reaw > —1, then
o
(3.7) / % exp(—t) LY () LY () dt = I S, m,n =0,1,2,...,
0

15
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with

(a)_F(n+a+1)

(3.8) 1 ,n=0,1,2,....

n!

Proof. Define

o0
39 L9 :/ tYexp(—t) LM W) tF dt, n=0,1,2,...;k=0,1,2,...,n.
’ 0

From (2.7) it follows that

k oo gn—=k
(3.10) Ly k= i e {t" exp(—t)} dt.

Since Rea > —1, we have

n—k—1 n—k—1

{t" Y exp(—t)} dt = tlim

n W{thra exp(—t)} dt = 0,

A0 Gt
n>1, k=0,1,2,...,n—1,

and, hence,

(—1)kk! 00 g ¢ qn—k—1
Lok =" ; E{W[t““em(—t)]}dt:o

whenn >1and £k =0,1,2,...,n— 1.

Thus, the validity of equalities (3.7) is established for m # n since it turns out
that for each n > 1 the n-th Laguerre polynomial is orthogonal on the interval
(0, 00) to any polynomial of degree less than n with respect to the weight function
w(t) =t exp(—t).

The representation (3.10) yields

)

0.0
L) = (—1)"/ t"Yexp(—t)dt = (-1)"T(n+a+1), n=0,1,2,....
0

Since L,(»La)(t) = [\ 4 Rfjl(t), where R is a polynomial of deg < n — 1 if

n—1

n>1and R, =0ifn =0, it follows that

n—1 —

0

0 (©.9)
/ @ exp(—t){1{™ ()} dt = 1Y / % exp(—t) LI (£)¢" dt
0

r 1
Q)L(an:w’ n=0,1,2,....
n!

3.4 Let L(p),0 < p < 00, be the positively oriented loop around the nonne-

16
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gative real semiaxis consisting of the ray I'(p) : 2 = —t +ip, —0o < t < 0, of the
semicircle §(p) : z = pexpif,7/2 < 0 < 37/2, and of the ray " (p) : 2 =t —ip,

0<t<oo0.

(I.3.4) For a € C,p € (0,00) and m,n =0,1,2,...,
(3.11) / (—2)® exp(—2) LY (2) L\ (2) dz = 2isin ar 1™ 6,
L(p)

Proof. If a,m and n are fixed, then the integral in the left-hand side of (3.11)
does not depend on p. In order to prove this assertion, we denote by L(p, R),

0 < R < oo, the part of the loop L(p) located in the half-plane Rez < R. If
0 < p1 < p2 and v is a nonnegative integer, then by the Cauchy theorem

/L(pz,R)(_Z)a exp(—2)z" dz _/ (—2)% exp(—2)2" dz

L(plaR)
+/ (—2)%exp(—2)z"dz + / (—2)%exp(—2)2"dz =0
[R—ips,R—1ip1] [R+ip1, R+1ps)]
Since
lim (—2)%exp(—2)2z"dz =0
R—00 JIR—ip,,R—ip)]
and
lim (—2)%exp(—2)z" dz =0,
R—00 [R+ip1,R+ips]
we find that

/L(pl)(—Z)O‘ exp(—z)z" dz = / (—2) exp(—2)2" dz

L(p.)

If Reaw > —1, then since lim, .o(—t £ ip)* = t*exp(+iar),0 < t < oo, and
limp_,o/ (—2)%exp(—2)z"dz=0for v =0,1,2,..., it follows that
(p)

lim (—2)% exp(—2) LY (2) LI (2) dz
=0 Lip)

o0
= 2isin om/ @ exp(—t) LY () LM (¢) dt
0

= 2isin 0477.17%&)5,,1”, m,n=20,1,2,....

So far the validity of (3.11) was established only for the case Rea > —1. But
if p,m and n are fixed, then both sides of (3.11) are holomorphic in the whole

17
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complex plane as functions of a. By the identity theorem, the equalities (3.11)
hold for each a € C.

As a consequence of the above assertion we arrive to the following conclusions:

(a) Let o be not an integer. In this case sinam # 0 and the equalities (3.10)
constitute the orthogonality of Laguerre’s polynomials with parameter o ”outside”
the ray [0, 00).

(b) Let k be a positive integer. Since

(—Dk—n-—1

Al T T Py —

+hp(2), n=0,1,2,...,k—1,

where hy. , is a function which is holomorphic in the neighbourhood of the point
—(k —n —1), we find that

lim sinarl'(n+a+1)=(-1)" lim sin(n+a+ )7l'(n+a+1)

a——k a——

( 1)1’L7.(.
L S A =0.1.2..... k—1.
(k—n—l)!’n T ’

Therefore, for each p € (0,00) we have

/ (—2)® exp(—2) L9 (2) L (2) d=
L(p)

nl(k—n—1

2i(—1)"
{ i )Wy%m itn=01,2.. . k—1;
0, ifn=kk+1,k+2,....

(c) Let a be a nonnegative integer, i.e. « =k, k=0,1,2,.... In this case the
equalities (3.11), i.e. the equalities
/ (—z)k exp(—z)L%)(z)L%a)(z) dz=0, mn=0,1,2,...,
L(p)
follow immediately from the Cauchy theorem. Indeed,

/ (—2) exp(—2) L) (2) L(2) d
L(p,R)

—l—/ (—2)F exp(—z)L,(%)(z)L%a)(z) dz=0, m,n=0,1,2,...
[R—ip,R+ip]

and, moreover,

lim (—z)kL%)(z)L%a)(z) dz=0, mn=0,1,2,....
R—00 J[R—ip,R+ip]

18
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The last cases (b) and (c) show that the Laguerre polynomials {L%a)(z)}%‘io
are not orthogonal outside the ray [0,00) with respect to the weight function
(—z)®exp(—z) when « is an integer. But the next assertion shows that these
polynomials are still orthogonal, but with respect to another weight function.

(1.3.5) If k =0,1,2,... and p € (0,00), then
(3.12) /L( )(—z)kexp(—z) log(—z)L%)(z)L%a)(z) dz
p

= 270 (= 1)* Iy (k) Sym, mom=0,1,2,. ...

The proof is analogous to that of (I.3.4). It is based on the equality
lin%{log(—t +ip) — log(—t —ip)} = 2mi,0 < too, as well as on the fact that
p—

lim (—2)F exp(—2)log(—2)2" dz =0, k,v =0,1,2,. ...
P=0J5(p)

3.5 For A € (0,00) we denote by p(A) the image of the line [(\) : ( = —¢

+i\, —00 < £ < 00, by the map 2z = (2. Tt is easy to see that p()) is the parabola
with Cartesian equation y? = 4\*(x + A\?), i.e. the parabola with vertex at the
point (—A2,0) and focus at the origin.

(I.3.6) If A € (0,00) and « is not an integer, then the Laguerre polynomials
with parameter « are orthogonal on the parabola p(\) with respect to the weight
function (—z)® exp(—=z), i.e

(3.13) /p (}\)(—z)a exp(—2) LY (2) L\ (2) dz

= 2isinam I\ 6mnm,n=0,1,2,....

In particular, for k =0,1,2,...,
(3.14) / (—2)F exp(—2) log(—2) L& () 1P (2) d=
p(A)

= 2mi(— DI, myn =0,1,2, .. ..

Proof. Let p(\, R) be the part of p(\) lying in the half-plane Rez < R. If
0 < p < A and R £ io()\, R) are the points of intersection of p(A\) and the line
Re z = R, then the Cauchy theorem gives that for v =0,1,2,...,

(3.15) /p(/\,R)(_Z)a exp(—2)z" dz — /L(p,R)(_Z)a exp(—z2)z" dz
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(—2)%exp(—2)z" dz — / (—2)%exp(—2)2" dz.
[R+ip,R+ioc(\R))

Since o(A, R) = 2A\V R + A2, there exist real constants A = A(a, \) and a
=a(a, ) such that

/[R—ZU(A,R),R—ZP]

(—2)%exp(—2)2" dz| < AR exp(—R)

/[R+ip,R+ia(>\,R)]
and

(—2)%exp(—2)2" dz| < AR exp(—R).

/[7“+z'p,R+ia()\,R)]
Then from (3.15) it follows that

/ (—2)%exp(—2)2" dz :/ (—2)%exp(—2)2" dz
pP(A) L(p)

for v =0,1,2,... and in order to finish the proof, we refer to (1.3.4). In a similar
way we can prove the validity of the equalities (3.14).

3.6 The orthogonality of the Hermite polynomials is usually expressed by the
following proposition:

(I.3.7) The equalities

o

(3.16) / exp(—tQ)Hm(t)Hn(t) dt = Inomn, m,n=20,1,2,...,
O

hold with

(3.17) I, =n12"/m, n=0,1,2,....

Proof. Define

00
Hn,k = / eXp(_t2>Hn(t)tk dt, n,k=0,1,2,....

—0Q

From [Chapter I, (2.11)] it follows that if n > 1 and £k =0,1,2,...,n — 1, then

ik 00 dn—k )
Hyp = (-1) k!/ e} dt
— 00

— (—1)m /OO d {dn——k_l[exp(—tz)]}dt

o % den—Fk—1

= " exp(— ) Hy (1) dt.

—0Q

20



Orthogonality. Recurrence relations

Since limy— 400 exp(—t*)t” = 0 for v = 0,1,2,..., we get H, j = 0 whenever
n>1and k=0,1,2,...,n — 1. This confirms the equalities (3.16) when m

#%n, m,n=0,1,2,.... In particular,

e} o)
Hyp = n!/ exp(—t*) dt = n!/ w2 exp(—u) du

—00 0
=nll'(1/2) =nly/7, n=0,1,2,...,
and, hence,

o0
I, = / exp(— 1) {Hy ()12 dt = hyn /7 = 012"/, n=0,1,2, ...

—0
We leave the proof of the following assertion as an exercise to the reader:

(1.3.8) For m,n =0,1,2,..., the equalities
(3.18) / exp(—22)Hyy (2)Hp(2) dz = n'2"/T6mn, m,n =0,1,2,....
l(r)

hold, where I(7) is the line z =t +iT,—00 < t < 00,7 € R.

3.7 Denote by P(C) the set of all polynomials with complex coefficients and
suppose that B(X,Y) is a bilinear form on P(C) x P(C). A system of polynomials
{Xn(2)}52, € P(C) such that deg X;, = n, n = 0,1,2,..., is called orthogonal
with respect to the form B if B(X,,, X,) = Apdmn,m,n=0,1,2,..., and A, # 0
for each n =10,1,2,....

Remark. It is clear that in order to exists a polynomial system orthogonal to
a bilinear form, it is necessary this form to be nontrivial.
(1.3.9) If a system of polynomials { X (z)}72, such that deg X, =n, n =

0,1,2,..., is orthogonal with respect to a nontrivial bilinear form B(X,Y") with
the property B(zX(2),Y (z)) = B(X(2),2Y(z)), X,Y € P(C), then it is a solution
of a second order linear recurrence equation of the kind

(3'19) anYn+1 + (Z - /\n)yn + cnyn—1 =0,
where ap, #0 and ¢, #0, n=1,2,3,....

Proof. Since deg X;, = n, n =0,1,2,..., the system {X,(2)}52, is linearly
independent and, hence, it is a basis of P(C) considered as a C-vector space. In
particular,

n+1

(3.20) 2Xn(2) =) ApXpook(z), n=0,1,2,....
k=0
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From the orthogonality with respect to the form B it follows that if n > 2 and

n+1
v=20,1,2,...,n— 2, then B(z2X,(z), X,(2)) = Z A e B( Xk (2), Xu(2))
k=0
= /\n,n+1—yA1/~
Since
V1
(3.21) 2 Xy(z) = Z,u,/’SXS(Z)7
5=0
we obtain
V1
B(2Xn(2), Xu(2)) = B(Xn(2), 2Xu(2)) = ZMV,SB(XH(2)7 Xs(2)) =0
S$=0

forv =0,1,2,...,n—2. Therefore, Ay py1—p =0if v =0,1,2,...,n—2, ie., rela-
tion (3.20) has in fact the form 2.X,(2) = A0 Xn11(2) + A1 Xn(2) + A2 Xn—1(2).
If we set an = —Apo,Anp = My and ¢ = —Apo, n = 1,2,3,..., then the last
relation takes the form

(322) aan+1(Z) + (Z - An)Xn(Z) + Can_l(Z) - 0, n = ]_, 2, 3, e
All the coefficients of the polynomial in the left-hand side in (3.22) are equal
v

to zero. If X, (2) = Zpy7kzy—k’7 v=20,1,2,..., then, in particular, anpp+1,0
k=0
+pno =0 and anPn+1,1 — Anpmo = 0. Hence,

(3.23) ay = — 20 =123,
Pn+1,0

and

(3.24) A = Dl Pl 903

Pno  Pn+1,0

From (3.21) with v = n — 1 it follows that pn—1n = pPn—1,0/Pno. Then (3.21)
with v = n—1 as well as (3.22) lead to B(2X,,(2), Xn—1(2)) = B(Xn(2), 2Xn-1(2))
- _CnAnfl - /,LnflvnAn, n —= 1, 2, 3, ey i.e.

_ Pn—10 An

( ) " Pnyo Ap—q

. n=123,....

3.8 Suppose that a+ 1,3+ 1 and a+ 4+ 2 are not equal to 0, —1, —2,... and
that v C €\ [—1, 1] is a closed rectifiable curve with ind(v;[—1,1]) = 1. Define

(3.26) JOD (X, Y) = - / ola, 3: 2) X (2)Y (2)dz, X,Y € P(C).
Y

271
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The system of the Jacobi polynomials {Pfla’ﬁ ) (2)}o2, is orthogonal with respect
to the bilinear form (3.26). Moreover, J@?(2X (2),Y (2)) = J@D (X (2), 2V (2))
whenever X, Y € P(C) and, hence, the system of Jacobi polynomials is a solution
of a recurrence relation of the kind (3.22). The calculation of ay, A, and ¢, leads
to the following proposition:

(I.3.10) If a« + 1,6+ 1 and o + B + 2 are not equal to 0,—1,—2,..., then

the system of Jacobi polynomials {Pfla’ﬂ )(z)};?fzo is a solution of the recurrence
equation

2ln+1)(n+a+B+1)

(3:27) “CntatfrD@ntat 2yt

62_&2
+1|z— Un
< (2n+a+ﬁ)(2n+a+ﬁ+2)>

B 2(n+a)(n+pB) _0
@nta+B)ntatptnt T

Remark. If Rea > —1 and Re 8 > —1, then according to (3.5) we find that
1

JOO (X, Y) = / (1= %1 + 0P X (DY (¢) dt.

—1

3.9 Suppose that o € C is not an integer. Define

1
U“Xﬁf:————/‘——a ~2)X(2)Y (2)d
(XY)= graag (9 o (CAX (Y ()
as well as
k) (—1)F k
LYW(X,)Y)=-—— (—2)" exp(—z)log(—2) X (2)Y (2)dz, k=0,1,2,....
27 JLp)

Thus, for each a € C\ Z™, a bilinear form L(®(X,Y) on P(C) x P(C) such that
L9(2X(2),Y(2)) = L'(X(2),2Y (z)) is defined. Since the system of Laguerre
polynomials {L%a)(z)}%‘lo is orthogonal with respect to LY, it is a solution of a
recurrence equation of the kind (3.19). The calculation of ay, A, and ¢, in this
case leads to the following proposition:

(I.3.11) If « € C \ Z™, then the system of Laguerre polynomials {L%a)(z)}?fzo
is a solution of the recurrence equation

(3.28) (n+Dypi+(z—2n—a—1Dy,+ (n+ a)yp—1 = 0.
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Remark. If Rea > —1, then

L9(X,Y) = /OO t%exp(—t) X ()Y (t) dt.

3.10 The system of Hermite polynomials { Hy,(2) }52, is orthogonal with respect
to the bilinear form H defined as

0¢
H(X,Y) = / exp(—£2) X ()Y (£) dt.
—0o0
Since H(2X(2),Y (2)) = H(X(2),2Y(2)), whenever X,Y € P(C), this system
is a solution of a recurrence equation of the kind (3.19). By calculating a;,, A, and
cn, we arrive to the following assertion:

(I.3.12) The system of Hermite polynomials {Hy(z)}3°, is a solution of the
recurrence equation

(3.29) (—=1/2)yn+1 + 2yn — nyp—1 = 0.

4. Jacobi, Laguerre and Hermite associated functions.
Christoffel-Darboux type formulas

4.1 Denote by e(r) the image of the circle C(0;7) : z = rexpif,0 < 0 < 27,
r > 1, by the Zhukovskii transformation, i.e., by the map ¢ = (w + w™1)/2. As
it is well-known, e(r) is the (positively oriented) ellipse with focuses at the points
—1 and 1 and with semiaxes (r+7"1)/2 and (r —r~1)/2, respectively. Each ellipse
of this kind is an image of a circle C'(0;r) with r > 1.

Suppose that a4+ 1,641 and o+ 3 + 2 are not equal to 0, —1,—2,.... Define
forzec\[-1,1]and n=0,1,2,...

« 1 9 7 P?ga7ﬂ)
(4.1) Q;L ’5)(2') _ 2_7”/( | o(a ﬁf)— . (€) dc,

where r > 1 is chosen so that z € exte(r). These functions are called Jacobi
associated functions.

The above definition implies that for n = 0,1,2,... the function Q%aﬁ )(z) is
holomorphic in the region C \ [—1,1]. In fact, it is holomorphic in the subregion

C\ [—1,1] of the extended complex plane and Q%O‘”B)(oo) =0,n=0,1,2,....
Since the function ¢(a, f;z) is holomorphic in the region C \ [—1,1], and
o(a, B;00) = 0, the Cauchy formula gives

(4.2 A =g [ PO = gt i)
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Suppose that Rea > —1 and Re 8 > —1. Then, as a result of (3.5),(4.1) and
the identity

1 _ 1 1
e~ =)
it follows that for z € C\ [-1, 1],

(@.8) 1 PP <1—t> (1+1)°
Q2 = Tm/()—q a e

R Y N (A LG e @), 1 1
—ﬁ/_ t_z /P +—t—§)dc’

provided r > 1 and z is outside e(r). Since by the Cauchy theorem

/ PO e o m—one..
e(r)

(—=z
the Cauchy formula gives that
L (1 -1 ﬂp(aaﬁ)
(4.3) §WW@=—/ (1= %A+ 7P (ﬂﬁ,n:QLZ”“
1 t—z
Applying now (2.1) we find that
n+1 nta( 4ot n+061(n)
9m@%=() AT+ ™y dt, n=0,1,2,...,
nl2" ), t—=z

and after integration by parts we obtain that for z € C\[-1,1] and n =0,1,2,...,

dt.

1 _ p\n+a n+0
(4.4) () = (-2 / 1 4 t()t_z()lnit) '

Remark. We recall that the above representation was established provided
Rea > —1 and Re 8 > —1.

We assume again that the complex numbers a4+ 1,6+ 1 and a+ § + 2 are not
equal 0,—1,—2,... and define forn =1,2,3,...

@p _ _ 2n+lnt+atpf+1)
" Qnta+B+1)2n+a+p+2)
@) _ g~

" 2n+a+p)2n+a+B+2)
daB) 2(n +a)(n+f)

Cnt+a+B)C2nt+a+f+1)
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Then the recurrence equation (3.27) for Jacobi’s polynomials leads to the re-
lation

45 a PP (@) 4 (2 = NP () 4+ D PO (2) = 0,

which holds for z € Cand n = 1,2,3,.... By using it as well as the definition (4.1)
of Jacobi’s associated functions, we find that for z € C\ [-1,1] and n = 1,2,3,...,
it holds

ai Q) + (2 = MR (@) + QI 2)

1

= 37, PO BOC =R + (= NPT Q)

o o 1 .
et RO de = o /em el 5: )P (C) de.

Then the orthogonality of the Jacobi polynomials or more precisely the equal-
ities (3.4) with m =0 and n =1,2,3,... yields

(46)  afPQR @) + (- AR @) + Q) =0,

for each z € C\[-1,1] and n = 1,2,3,..., i.e. the system {Q;La’ﬁ)(z)}%ozo of Jacobi
associated functions is also a solution of the recurrence equation (3.27).

4.2 Suppose that o+ 1 ¢ z~ U {0}. Then the functions {Mr(la)(z) o2 defined
in the region C \ [0, 00) as

(4.7) M;La)(z) _ 1 / (—=Q)“ eXp(—C)L%a)(C) dc
PN

2¢ sin amw (—=z

when « is not an integer, and by the equalities

wy  uPe=-CU / (=0)F exp(—C) log(=Q)LP(()
p(A)

2pit (—=z 46
for k =0,1,2,..., where X € (0,00) is chosen so that z is outside p(\), are called
Laguerre associated functions.

From (4.7) and (4.8) it follows that if & € C\ z~, then for each n =0,1,2...,
M (z) is a holomorphic function in the region C \ [0,00).
Suppose that « is not an integer and that Rea > —1. Then (4.7) gives

1 A . L(a)
M (z) = ———— lim (=0%exp(=OLn () 4 Z 01,9,
21 sin am A—o0 () (—z
i.e.
00 40 axeny(— ) LY (¢
(4.9) MY (2) = —/ eXpi o ®) oy —0.1.2..
0 — Z

26



Jacobi, Laguerre and Hermite associated functions. . . .

Similarly, using (4.8), we can prove the validity of representation (4.9) when
a = k is a nonnegative integer. Then, integrating by parts, as a corollary of (2.7)
we find the following integral representation of the Laguerre associated functions
in the region C \ [0, 00):

o0 N+«
(@) . t exp(—t) .

Remark. We point out that the validity of (4.10) is proved under the assump-
tion Rea > —1.

Let us put a%a) = n—|—17)\§la) =2n+a+ 1 and cﬁf‘) =n+a n=123,....
Then, recurrence equation (3.28) yields that for each z € C and n =1,2,3,..., it
holds

(4.11) al LY (2) + (2 = ALY (2) + VLY (2) = 0.

The definition of the Laguerre associated functions by (4.7) and (4.8) as well
as the orthogonality of the Laguerre polynomials [(1.3.6)] provide the possibility
to conclude that for z € C\ [0,00) and n =1,2,3,..., it holds

(4.12) al MY (2) + (2 = MM (2) + e MY (2) = 0.

n—1
Hence, for z € €\ [0,00) the system {M,%O‘)(z)}?fzo, where o« € C\ Z7, is a
solution of the recurrence equation (3.28).
4.3 The functions {Gy(z)}52,, defined in the open set C \ R by means of the

equalities

(4.13) Gn(2) = —/OO exp(—*) Hn (1) dt, n=0,1,2,....

—00 t—z

are called Hermite associated functions.

Evidently, these functions are holomorphic in the open set C\R. Further, using
(2.11), (4.10) and integrating by parts, we get the following integral representation
of the Hermite associated functions in C \ R:

e} 2
_ 1 exp(—t*) _
(4.14) Gn(2) = (=1)""nl /_ (t — z)n dt, n=0,1,2,....

Using (4.13) and the orthogonality of the Hermite polynomials, one can easily
prove that the system of associated Hermite functions is a solution of the recurrence
equation (3.29). Indeed, if z € C\Rand n =1,2,3,..., then

(4.15) (=1/2)Gp11(2) + 2Gp(2) — nGp—1(2)
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_ / T exp(—2)(t— ) {(—1/2) Hoyor (8) + (5 — £ Hn(£) -+ LHp () — nHp 1 (£)} dt

_ / " exp(—t2) Ho (1) dt = 0.

—0o0

4.4 Suppose again that B(X,Y’) is a nontrivial bilinear form on the space
P(C) of the polynomials with complex coefficients with the property that
B(2X(2),Y(z)) = B(X(z),zY(2)) whenever X,Y € P(C). It was proved that
each system of polynomials {X,,(2)}52,, degX, =n, n=20,1,2,..., which is
orthogonal with respect to such a form, is a solution of a recurrence relation of
the kind (3.19) with a, # 0 and ¢, #0, n=1,2,3,... [(1.3.9)].

Having in mind (3.23), we define ag = —po0/p1,0 and

Qn

,n=0,1,2....

Then from (3.25) it follows that

Cn Pn—1,0 an—1
- = 2 — = l{j _ n = 1 2 3 e
An pn’oAn_l An_l n—1, 9 “y

Now, it is clear that equation (3.19) takes the form

1
(4~17) Enyn1 + A_(Z - )\n) + kp—1yn—1 =0,
n

which we name canonical. Likewise, equality (3.22) can be rewritten as

(4.18) b X1 (2) + Ai(z )X (2) + k1 Xn1(2) = 0

Suppose that the system of complex-valued functions {Y;,(2)}52,, defined in a
nonempty subset D of C, is also a solution of equation (3.19). Then the equality

1

(4.19) knYni1(¢) + A—n(C — M) Yn(C) + kn—1Yn—-1(¢) =0

holds whenever ( € D and n =0,1,2,....
We define Q,(2,¢) = kn{Xn(2)Yn:11(¢) — Xni1(2)Yn(Q)} for z € ¢, € D and
n=0,1,2,.... Then from (4.18) and (4.19) it follows that

1
n
If v is a nonnegative integer, then (4.20) yields

Q( —Z Z_Xn )_Q<Z> )7
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where

(1.21) 02, 0) = =) + (¢ — ) Xo(2)%(0).

0

Therefore, if z € C,( € D and z # (, then

(2, ¢)
(—z

Q(z,9)
C_

(4.22) => Aian(z)Yn(C) +

Suppose that there exists an "extension” of the bilinear form B(X,Y), as a
function of the second variable, to the linear hull of the polynomials with complex
coefficients and the Cauchy kernels (z —¢)~! considered as functions of z € C\ {(},
where ( is an arbitrary complex number. Then we define

(4.23) Y(() = =B(Xn(w), (w =)™

for (e D,weCc\{¢}andn=0,1,2,...
Suppose further that the property B(wX (w),Y (w)) = B(X(w),wY (w)) still
holds after substituting Y (w) for (w — ¢)~!. Then from (4.20) it follows that
anYn+1(O + (C - )\n)Yn(C) =+ CnYnfl(o

= —anB(Xpi1(w), (w = ¢)7") — (¢ = M) B(Xn(w), (w = ¢) )
—enB(Xpn—1(w), (w— )7 = —BlanXni1(w) + (¢ — M) Xn(w) + cnXp—1(w),
(w—=C)7") = =BlanXn1(w) + (0 = An) Xn(w) + cnXn—1(w) + ({ — w) Xp(w),
(w—¢)7") = =B((¢ — w)Xn(w), (w = () = =B(Xp(w), 1) = B(Xpn(w), 1)
= (po,0) ' B(Xn(w), Xo(w)) =0, n=1,2,3,....
This means that the system of functions {Y5({)}52,, defined by the equalities

(4.23), is a solution of the recurrence equation anyni1 + (¢ — An)yn + cnyn—1 = 0.
Further, from (4.21), we find

02,0 = ~ 20 (¢ = 2) By (w), (w - )

—ko{Xo(2)B(Pi(w), (w — (™) — X1 (2) B(Xo(w), (w — ¢)™")}

=B B - ) — KB (2), X, )

—Xi1(2) Xo(w), (w— Q)" = ——=B(( — 2, (w— (), (w =) )

—koB(po,o(p1ow + p1,1) — (P1,02 + P1,1)Po,0, (W — O™

29



Jacobi, Laguerre and Hermite polynomials and. . .

R B¢~ = 0= )+ LB afw = 2. (0= )
~ (Xo(w))? (Xo(w))? _ _
= 20w — ¢ (- ) = 20 B, 1) = B (), Xo(w) = 1.
Thus, (4.22) reduces to
1 o v L 5 QV(ZaC)
(4.2 = > Xl + A

n=0

provided ¢ € D and z # (.

It is reasonable to consider the above equality as a formula of Christoffel-
Darboux’ type for the systems {X,,(2)}72, and {Yn({)}ny-

4.5 In the cases of the Jacobi, Laguerre and Hermite polynomials and asso-
ciated functions, the corresponding bilinear forms satisfy all the conditions for
existence of a formula of the kind (4.24). Therefore, we can specify it for these
systems and as a result we obtain the following representations of the Cauchy
kernel:

_ @8 () o) A8 (z0)
(4.25) 7;[ e} (2)Qn"(¢) + e
z£Cec\[-1,1]; v=0,1,2,...,
where
2401 2y L a+ BT (v +a+ DI+ B+1)  (ap)
(4.26) B T(v+2)T(v+a+ [ +2) Ay (= 6)
= AP0 - PP (@8 (©).
1 "1 () (@) A(ua)(za ()
(4.27) 2 2@ (2)Mp " (C) =
z#¢ecC\[0,00);vr=0,1,2,...,
where
o F 2 % o (% «
428) AP0 = e (UM - LM O,
and
I | Ay(z,C)
(4.29) =i n; EHn(Z>Gn(C) L
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z#(€C\R; v=0,1,2,...,
where

(4.30) Ay(z, () ::__;7;;%§;IT{IJV(Z)(;V+1(C) — Hyy1(2)Gu(Q) }-

5. Relations to hypergeometric and Weber-Hermite functions

5.1 The classical Jacobi, Laguerre and Hermite polynomials appear as parti-
cular cases of the hypergeometric and Weber-Hermite functions. In order to clarify
this relationship, we begin with the following proposition:

(I.5.1) Suppose that A(z) = ayp + a1z and B(z) = by + b1z + by2z®. Then for
eachn =0,1,2,... the polynomial (1.2) is a solution of the differential equation

(5.1) B(z)u" + [B'(2) + A(2)] — ynu = 0,
where
(5.2) Y =mn{ag+ (n+1)b}, n=0,1,2,....

Proof. It is sufficient to prove that (5.1) holds in an arbitrary simply connected
domain G C C not containing the points z1,25. Since deg B < 2, for z € G the
Leibniz rule gives

dn+1

dzn+1

(5.3) {B()[B"(2)w(2)]'} = B(2)(w(2)Wn(2))"

ot DB ) ) Wa() + D

On the other hand, the equation (1.1) yields the relation B(2)[B"(z)w(z)]’
=[nB'(2) + A(2)]B"(2)w(z). The application of Leibniz’s rule to it gives

+ B"(2)(w(2)Wyr(), n=0,1,2,....

dn+1

dzn+1
+(n+ 1) [nB"(z) + A (2)](w(z2)Wn(2)), n=0,1,2,....
From (5.3) and (5.4) we obtain that

(5.4) {B(2)[B"(2)w(2)]"} = [nB'(2) + A(2)](w(2) Wa(2))

(5:5) B(2)(w(z)Wn(2))" + [B'(2) = A(2))(w(2)Wn(2))

[n(n +1)
2
Further, using the equation (1.1), we find

B"(z) + (n+ 1)A’(z)] (w(2)Wn(2)) =0, n=0,1,2,....

(w(2)Wn(2))" = w(2){Py(2) + A(2)(B(2)) " Wa(2)},
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(w(2)Wn(2))" = w(2){W;(2) + 24(2)(B(2)) " Wy (2)
+[A'(2)B(2) — A(2)B'(2) + A%(2)|(B(2)) *Wp(2)}, n=0,1,2,...

Then, substituting the above expression in (5.5) and keeping in mind that
w(z) # 0 in G, we prove the equality

B(2)P;/(2) + [B'(2) + A(2)]Py(2) = mPa(2) = 0

forn=20,1,2,... and z € G. By the identity theorem we conclude that it holds
for every z € C.

The following assertion follows from the general property of polynomials of the
kind (1.2) just proved:

(I.5.2): (a) The polynomial Pﬁa’ﬂ)(z), n = 0,1,2,... is a solution of the
equation

(5.6) 11— +[f—a—(a+B+2)2w +n(n+a+8+1)w=0;

(b) The polynomial L%a)(z), n=0,1,2,... is a solution of the equation
(5.7) 2w + (41— 2)w + nw = 0;

(¢) The polynomial Hy(z), n=0,1,2,... is a solution of the equation

(5.8) w” — 22w + 2nw = 0.

5.2 We put z = 1 —2¢ in (5.6), and obtain the equation
(5.9) ((1=Qu" +[a+1—(a+B+2)¢w' +n(n+a+f+1)w=0,

i.e. a hypergeometric equation with a = —n,b=n+a+p+1landc=a+1

[Appendix, (3.1)]. Suppose that a+3+2 and a+1 are different from 0, —1, -2, . ...
Then Gauss’ hypergeometric function F(—n,n + o+ 8+ 1, + 1;(), which is a
polynomial of degree n, and the polynomial P,ga’ﬁ ) (1—2¢), which is of degree n too,
are solutions of the equation (5.9). Hence, there exist constants K, n =0,1,2,...
such that the relation P;La’ﬁ)(g) = KpF(—n,n+a+ [+ 1,a+ 1;() holds for each
(eCandn=0,1,2,....

Comparing the coefficients of (" in the last equality and using (2.3) we find
that

(=D"(n+a+B+1), . Kn(_n)n(n +a+8+1),

n! nl(a+1),

,n=0,1,2,...,
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and, hence, K, = nta , n=20,1,2,.... Then, returning back to the original
n

variable z, we obtain the representation

(5.10) PP (2) = (” Z 0‘) F(—n,n+a+8+1La+1;(1—2)/2),

z€C n=0,1,2,...,

which holds when a4+ 3+2#0,—1,—-2,... and a+1# 0,—1,—2.... If the last
requirement is not fulfilled but 4+ 1 # 0,—1, -2, ..., then likewise we find the
representation

n+p
n

(5.11) PPz = (—1)n< >F(—n,n +a+B+1,84+1;(1+2)/2),

2z€C; n=20,1,2,....

Remark. If a + 5+ 2 ¢ z~ U {0}, then at least one of the numbers a + 1
and (34 1 does not belong to Z~ U {0}, so that either the representation (5.10), or
(5.11) is always valid.

5.3 The equation (5.7) is a special case of [Appendix, (3.7)] with a = —n and
c=a+1. Ifa+1¢7z U{0}, then the function ®(—n,a + 1;2) is a polynomial
of degree n. That is why there exist constants Lj o, n = 0,1,2,... such that
L;La)(z) = Lpa®(—n,a+1;2), 2z € C, n = 0,1,2,.... Again, comparing the

coeflicients of 2", we find that L, = (n * a), n=20,1,2,..., ie.
n

(5.12) Lq(la)(z) = (TH_ a)@(—n,a +1;2), z€C; n=0,1,2,....
n

Let us note that the above relations hold when o + 1 is not equal to
0,-1,-2,....
5.4 The equation (5.8) allows us to prove that the polynomial Hy(¢/v/2), n

=0,1,2,... is a solution of the equation
(5.13) w” — Cw' + nw = 0.

The function D,(¢), ¢ € C, n =0,1,2,... [Appendix, (4.2)] is a solution of
the equation u” +(n+1/2—¢%/4)u = 0. If we substitute u = exp(—(?/4)w, then it
turns out that the function w(() is a solution of (5.13). In particular, the function
exp(¢?/4)Dy(¢), which is a polynomial of degree n, is a solution of (5.13). Hence,
there exist constants M,,, n =0,1,2,... such that

(5.14) Hy(C/V?2) = My exp(¢2/4)Dy(C),C €C; n=10,1,2,....
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Suppose that n = 2m, m = 0,1,2,... and put ¢ = 0 in (5.14). Then from
[Appendix, (4.2)] and (2.12) it follows that
(=1)™(2m)!  2™T(1/2)Map,

m! - T(/2-m) "’

(5.15) =0,1,2,....

From the multiplication formula [Appendix, (1.10)]

T(1/2 — m)[(1/2 +m) = O j: T2 (—1)™x, m=0,1,2,...,

we easily obtain that

(—1)™aml22m
(2m)IT(1/2)

I'(1/2—m) = , m=20,1,2,....
Now it is clear that (5.15) means that My, = 2™, m =0,1,2,....

The representations (2.12) and [Appendix, (4.2),(3.8)] allows by differentiation
of (5.14) followed by setting ¢ = 0 to find that Map1 = 2™+/2 m =10,1,2,....
Hence, M, =2"/2 n=0,1,2,..., and then (5.14) yields

(5.16) Hy(z) = on/? exp(22/2) Dy (2V2), z€C; n=0,1,2,....

5.5 Now we are going to show that the Jacobi, Laguerre and Hermite associated
functions also can be expressed in terms of hypergeometric and Weber-Hermite
functions.

(I.5.3) If a + 1,6+ 1 and a + 3 + 2 do not belong to z~ U {0}, then the

representation

T(2n+a+ B +2)(z — 1)1 (2)
2(n+a+ B+ 1D)I(n+a+1)I(n+6+1)

(5.17)

=Fn+a+1l,n+1.2n+a+p4+1;2/(1-2)), n=0,1,2,...
holds in the region C \ [—1,1].

Proof. Suppose that Rea > 0 and Re > 0. Then from the integral repre-
sentation (4.4) it follows that for z € C\ [-1,1] and n = 0,1,2,...,

1 _ 4\t n+p
(518)  2"z-1"QM () = /_ <1(i (175)_;/((1;_?);“ *

Since [(1 —t)/(z —1)] <2]z—1]"!' <1 when |z — 1| > 2 and ¢ € [—1,1], the

series i(—nk (n;tk> (i:i)k

k=0
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is uniformly convergent with respect to t € [—1,1]. Since Rea > 0 and Re 3 > 0,
it is clear that the series which is obtained by termwise multiplication of the above
series by the function (1 — £)™+¥(1 + ¢)"*7 is also uniformly convergent on the
segment [—1,1]. Since the sum of the above series is (1 + (1 —¢)(z — 1)~1)~ "1
(5.18) yields that

(5.19) oM (z — 1)n+1Q1(104,ﬂ)<2)
_ - (_l)k n+k (Z _ 1)—k ! (1 . t)n+k+a(1 + t)nJrﬁ dt.
k=0 ( " ) /_1
But

1

—1

BT (L ko + D)D(n 4+ B+ 1)
B F'2n+k+a+p+2)

and then (5.19) and [Appendix, (3.6)] lead to the representation (5.17).

So far the validity of (5.17) is established provided |z — 1| > 2, Rea > 0 and
Re 3 > 0. But if n is fixed, then both sides of (5.17) are holomorphic function in
the region C \ [—1, 1], and, by the identity theorem, they coincide in this region.
This is true when Rea > 0 and Reff > 0. If n =0,1,2,... and z € C\ [-1,1]
are fixed, then both sides of (5.17) are holomorphic functions of the complex
variables a and ( provided a +1 # 0,—-1,-2,...,06+1 # 0,—1,—2,... and
a++2#0,—1,-2,.... Again the identity theorem yields the validity of (5.17)
if z € C\ [—1,1] and none of the complex numbers o+ 1,5+ 1 and o +  + 2 is
equal to 0,—1,—2,....

Remark. As a corollary of (4.2) and (5.17) we have that

L 2a+pB+20(a+ 1I(B+1)
(5.20) ¢(a, B;2) = — Ma+B+2)(1-2)

for z € C\ [-1, 1] provided none of the complex numbers a+1,3+1 and a+ 5+ 2
is equal to 0,—1,—2,....

, n,k=0,1,2,...,

Fla+1,1,a++42;2/(1-2))

5.6 Define ¢ and casa = n+a+ 1 and ¢ = a+ 1. Then from (4.13) and
[Appendix, (3.19)] we obtain

(5.21) M (2) = -T(n+a+1) (=) (n+ o+ 1,a+ 1;2),

provided Rea > —1 and z € C \ [0, c0).

5.7 Now, we emphasize that in fact by means of the equalities (4.16) there are
defined the following two sequences of holomorphic functions:

o0 —t))Hp(t
(5.22) G;(z):—/ P ) e 1 =0 n=0.1,2, .

—00 t—=z
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and

0 2
—2)H
(5.23) G (2) = —/ P Hnlt) s <0 n=0.1.2.....

— 0 t—=z

It is easy to prove that each of the functions G} (z), n = 0,1,2,... and
G, (z), n = 0,1,2,... is analytically continuable in the whole complex plane.
This can be done by means of shifts parallel to the real axis and applying the
Cauchy integral theorem. Now, we are going to follow another idea in order to find
appropriate relations between the functions (5.22), (5.23) and the Weber-Hermite
functions.

From the equalities (2.8) and (2.12) we obtain

(5.24) Hon(2) = (—1)"122 LS9 (22, n=0,1,2, ...,
and
(5.25) Hops1(2) = (—1)"122 L2022 n=0,1,2,....

Since Hsy is an even and Hsy o1 is an odd polynomial, we easily find that if
Im z > 0 and, hence, 2% € C\ [0,00), then

(5.26) G (2) = (1122 M2 2), n=0,1,2,...
and
(5.27) Gy () (= 1) 122 YD (22) = 0,12,

Further, from (5.21) and [Appendix, (4.2)] we have
MYP (%) = —T(n +3/2)2"  exp(—22/2) D—on—a(i2v/2), n=0,1,2, ...

Using the relation ¥(a,c;2) = 2'7U(a — ¢ + 1,2 — ¢;2) [BATEMAN, H.,
A.ERDELYI, 1, 6.5.,(6)], we get

MSTYP(22) = iT(n 4 1/2)27 2 exp(—22/2) D—gn1(i2v/2), n=0,1,2, .. ..
Then the equalities (5.26) and (5.27) yield
GH,(2) = i(=1)"nIl(n + 1/2)2"/2D 4, 1 (i2V2), n=0,1,2,. ..
and

G (2) = —=(=1)™nIT(n + 3/2)2°"*3/2D_y, 4(i2V2), n=0,1,2,....
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The above relations could be ”unified” by means of the well-known formula
I'(2s) = 225 10 1/2T(s)T'(s + 1/2) just by setting s = n + 1/2. Thus, we obtain

(5.28)  Gi(z) = (2m)/?exp(—22)i" 022D, 1(izy/)2, n=0,1,2,....

Since G, (2) = G};(2), n =0,1,2,..., as well as D, (¢) = D,(¢), provided
that v is real, we can also write the identity (n =0,1,2,...)

(5.29) G (2) = (2m)2 exp(—22/2)(—i)" 122D, 1 (—iz/2).

Exercises

1. Prove the relations P,ga’ﬁ)(z) = (—1)”3%6’0‘)(—,2), n=0,1,2,....
2. Prove the validity of the equalities

PT(zaﬂ)(l) = (n :; 04)7 Pr(za’ﬁ)(_l) = (_1)71 (n :; B)a n=0,1,2,...,

as well as their equivalence.

3. Prove the following relations and their equivalence:
(@) 2n+a+B+2)(1 - 2P (z)
—2q(n+a+ )P () - (n+ )PP (2)}, n=0,1,2,...;
(b) 2(n + a + B+ 2)(1 + 2) P71 (2)
=2{(n+ B+ )P () +n+ 1P ()}, n=0,1,2,...

4. Prove: {PV ()Y = (1/2)(n+a+ B+ 1PNy n=123 ..

5. Prove:
(a) Ly (2) = Ly ™ (2) = Lyt (2), n=1,2,3,..;

(b) 2Ly (2) = (n+a+ 1)L (2) — (n+ 1)Ly (2);

c) L'V (z) = (D" —2)" Y exp(—2z) W
(©) L e) = (e epl-2)) ™

zeC\[0,00), n=0,1,2,....
6. Prove: {L{(2)} = —L'"V(2), n=1,2,3,....
7. Prove: Lgfk)(z) = (—z)kngﬂ)k(z), n=kk+1,k+2....

nl —
8. Prove:

"R g 0) = (o

Hy,(0) = (—1) ICESI

n=0,1,2,....
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n

9. Prove: Z <Z) Hi(2)H,,_.(w) = 2n/2Hn((z +w)/2), n=0,1,2,....
k=0
10.Prove: H} (2) = 2nHp—1(2), n=1,2,3,....

11. Prove:

(a) /Oo exp(—t2) Hop (1) dt — \/%(2:,)!(% N =012,

—00 .

(0.9]
(b)/ exp(—t2)tHopsi (2t) dt = ﬁw,z(zg 1", n=0,1,2,....
0 !

12.Prove that for each n = 0,1,2,... the entire function exp(—2z2?/2)Hp(z) is
a solution of the differential equation w” + (2n + 1 — 2?)w = 0.

13. Suppose that A;, j = 0,1,2 and F are complex-valued functions holo-
morphic in a simply connected region G C C and that Ay(z) # 0 for z € G.
Let u; and wus be linearly independent solutions of the differential equation
Ap(2)w” 4+ Ay (2)w’ + Ay(2)w = 0 in the region G. Show that for arbitrary complex
constants Cj, j = 1,2 and any point z; € Gt

(a) The function

e L B0 —u(OwE) FQ)
ulz) = Crn(2) + Cyeun{ ”/zo Qw0 — Q@) A0 % * €€

is a solution of the equation Ay(z)w” + A;(2)w’ + Ay(2)w = F(z) in the domain
G;

(b) W (uy, ug; 2) = u)(2)ua(z) — ui(2)uh(2) = W(uy, ug; 2) eXp{— /: 3(1)28 dC}.

Remark. The representation (a) and (b) are known as Liouville’s formulas.

14. Prove that for each n = 0,1,2,... and z € C the equality

exp(—2%/2)Hp(2) = A\p cos{(2n + 1)1/22 —nm/2}

+(2n + 1)_1/2 /Z sin{(2n + 1)1/2(,2 — C)}C2 exp(—C2/2)Hn(C) d¢

0
holds with Agy = D(2n+1)/T(n+1) and Aaps1 = (2n+1)"Y20(2n+3) /T (n+2).

Remark. It means that the entire function exp(—2%/2)Hy(z) is a solution of
a Voltera’s integral equation of the second kind.

15. The polynomials {PT(LA)(z) > o, defined by

LA+ 1/2)T(n+2X) pA-1/22-1/2)

A
P (z) = TN+ A+1/2) " (2),
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INA0,-1,-2,..., n=1,2,3,...,
PT(LO)(z) = lim )\_1PT(1>‘)(,2), n=123,...,

A—00
and PO()‘)(z) = 1, are called ultraspherical (sometimes Gegenbauer) polynomials.
Show that:
(a) degP,(l)‘) =n,n=0,1,2,...;

(b) if ReA > —1/2 and A # 0, then

1 2172>\ T 9
/ (1 - 22PN PNV (1) dt = Tt 2 o =0,1,2,...
—1

nl(n 4+ N{T ()2

(=1)"T (A +1/2)T(n + 2)) an
T(2MT (n + A + 1/2)27nl(1 — 22)A=1/2 d2"
& GC\{(_OO’_l] U[lvoo)}7 nZO,l,Q,...;

“Drr(n =

k=0
A#0,—-1,-2,..., n=0,1,2,...;

(c) PV(2) = {(1 = 22ynA=t/zy

(e) Py(f‘)(z) is a solution of the differential equation (1 — z?)w” — (2\)zw’
+n(n + 2X\)w = 0;

(£) PV (2) = F(—n,n+ 2\ X +1/2; (1 — 2)/2), n=0,1,2, ...

16. The polynomials { P, (2)}52,, defined by Py, (z) = P#Ll/Q)(z) = P"9(2),
n=20,1,2,..., are called Legendre polynomials. Show that:

1
2
Pu(t)P, = =0,1,2,...;
(a)\/_l m(t) n(t)dt 2n+15mn;m;n 07 » = ’

(-1)" d

nl2n dzn

(b) Py(2) = (1-2)"}, z€C, n=0,1,2,...;

(c) Pu(z) =27 [nzm(—l)’f (Z) (2” B %) 2k 01,2,

n
k=0

(d) Pn(z) satisfies the differential equation (1 — 2%)w” — 22w’ +n(n+1)w = 0;
(e) Py(z) = F(—n,n+1,1;(1 — 2)/2), n=10,1,2,....

17. The polynomials {T},(2)}52,, defined by the equalities T7,(z)
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= (n/2)PV(2) = gglPT(;l/Q’il/m(z), n=0,1,2,...,where

Con (20 T'(2n+ 1)
=27 = =0,1,2,...
gn <n) 22n{1—1(n+1)}27 n ) -y Sy )

are called Chebyshev polynomials of the first kind. Show that:

1

—1

where 7 =7 and 7, = 7/2, n=1,2,3....

(—1)"T(1/2)(1 — 22)/? a"

27T (n + 1/2) dz”{(l — z2>n—1/2}’

(b) Tn(z) =

z € C\{(—o0,—-1JU[l,00)}, n=0,1,2,...;

(n/2] k
—1 —k—-1)! _
© T =5 3 s e L2

(d) T,(2) is a solution of the differential equation (1 — 2%)w” — 2w’ +nw = 0;

(e) Th(z) = F(—n,n,1/2;(1 —2)/2), n=10,1,2,....

18. The polynomials {U,(2)}52,, defined by the equalities Uy, (z) = qul)(z)

= (Zgn)_lPT(Ll/Q’l/Q)(z), n =0,1,2,..., are called Chebyshev polynomials of the
second kind. Show that:

(a) /1 (1 = )V2U (U () dt = (7)2)6mn, m,n=0,1,2,...;

2) — (=1D)"(n+ 1)y d" _ 212
(b) Un(z) = @n T D2 T (n 1+ 1/2)(1 = )12 (U R
ze€C\{(—o0,-1]U[l,00)}, n=0,1,2,...;

n/2]

—1)k(n — k)
© Unle) = 3 Gt E @m0z
k=0

(d) Up(2) satisfies the differential equation (1 — 2?)w” — 32w’ +n(n+2)w = 0;

() Un(2) = F(—n,n+1,3/2;(1 —2)/2), n=0,1,2,....
19. Suppose that ~ is a rectifiable Jordan arc ”connecting” the points —1 and

1 in the region G = C \ {(—o0,—1] U [1,00)}, i.e., with exception of these points,
v is contained in G. Prove that

/(1 — 21+ 2P () PO () dz = 1P 8 mm, mun =0,1,2, .. ..
8
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20. Let ly, —7/2 < 0 < /2, be the ray z = texpif, 0 <t < co. Prove that
if Rea > —1, then

/ 2% exp(—z)L%)(z)Lq(la)(z) = I'Ymm, m,n=0,1,2,....
lg

21. Show that the system of ultraspherical polynomials {Pék)(z)}ffzo is a
solution of the recurrence equation (n+1)yp1—2(n+A)zyp+(n+2X—1)yp—1 = 0.

22. Show that the system of Legendre polynomials { P, (2)}5°, is a solution of
the recurrence equation (n + 1)yp41 — 2(n + 1)zyn + nyn—1 = 0.

23. Show that each of the systems of Chebyshev polynomials {7},(z)}72, and
{Un(2)}52, is a solution of the recurrence equation yp1 — 22yn + yn—1 = 0.

24. Prove that Q%a’ﬁ)(—z) = (—1)”+1Q§1ﬂ’a)(2), zec\[-1,1,n=0,1,2,....

25. Prove that if « € C\ Z7, then for each z € C\ [0,00) and n = 1,2,3,...,
(M=) = b (2).

26. Prove that the representation (4.10) holds when Re(n + a) > —1.

27. Prove the validity of the following identities:

(a) ALV (z,2)=1, zec\[-1,1], v=0,1,2,...;
(b) A(Va)(z,z)zl, zeC\[0,00), »v=0,1,2,...;
(c) Ay(z,2) =1, ze C\R,v=0,1,2,....

28. Suppose that 7 € R and denote by [(7) the line with parametric equation
(=t+1i1,—00 <t < oo. Prove that

G)(z) = — /Z(T) eXp(-gCi)fn(C) d¢, Imz>7, n=0,1,2,...,

and

G, (2) =— /Z(T) eXp(_CCi)fn(O d¢, Imz <7, n=0,1,2,....

29. Prove that for z € Cand n =0,1,2,...

Y

G, (2) — GH(2) = 2miexp(—2*)Hyp(2), n=0,1,2,....

30. Prove that for z€e Cand n=0,1,2,...,

2n+1

VT

exp(—22)Hy(2) = /OOO exp(—t*)t" cos(2zt — nn/2) dt.
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Comments and references

We define the classical polynomials of Jacobi {Pfla’ﬁ )(z)}%ozo, Laguerre

{L%a)(z)}%o:o and Hermite {H,(z)}52, by means of Rodrigues’ type formulas as
in the book of F.Tricowm1 [1]. Thus, we avoid the restrictions on the parameters
« and [ in defining Jacobi and Laguerre polynomials as orthogonal systems on
intervals of the real axis with respect to suitable weight functions. As it is shown
by Tricomi this is a direct way to conclude that a polynomial defined by equality
(1.2) is a solution of the linear differential equation of second order (5.1). The last
property leads further to the well-known representations of the classical orthogonal
polynomials in terms of hypergeometric functions.

The orthogonality of Jacobi as well as of Laguerre polynomials is studied by
many authors. Among them are N. OBRECHKOFF [1], I. BAICEV [1], P. RUSEV [1],
A M. KrALL [1] and recently M.E.H. IsmMAIL, D.R. MASSON AND M. RAHMAN
[1]. In the paper of S.J.L.. vAN EIJNDHOVEN and J.L.H. MEYERS [1] it is proved
that the system of functions {Hp(z + iy)}52,, =,y € R is orthogonal on R? with
respect to a family of weight-functions depending on a real parameter.

The idea to define orthogonality of algebraic polynomials with respect to a
bilinear form with the property indicated in (I.3.9), which is not new (see e.g.
A.J. DURAN [1]), seems to be very useful. In any case it provides the well-known
general property that a system of  orthogonal polynomials is a solution of a linear
recurrence equation of second order. The acceptance of this approach, specified
to the Jacobi, Laguerre and Hermite polynomials, enables us to compute all the
constants involved in the corresponding recurrence relations even in the case when
the parameters a and ( are arbitrary complex numbers.

By convention, the systems of Jacobi, Laguerre and Hermite associate functions
are holomorphic solutions of the recurrence equations for the systems of Jacobi,
Laguerre and Hermite polynomials. It is worth saying that in this book we do not
need the Jacobi, Laguerre and Hermite functions of second kind defined as second
solutions of the corresponding differential equations.

Let us point out that, e.g., the Jacobi functions of second kind are (multivalued)
analytic functions with branch points at —1 and 1 and that, in general, they have
no single-valued branches in the region C \ [—1,1]. As analytic functions with a
branch point at the origin, the Laguerre functions of second kind share the same
property.

42



Chapter I1

INTEGRAL REPRESENTATIONS AND GENERATING FUNCTIONS

1. Integral representations and generating functions

for Jacobi polynomials

1.1 We define I(1;2) : ¢ = 1+ t(1 — 2) and I(—1;2)
0 <t<ooand z# =+l as well as

(1.1) (%) :exp{alogiig},

for ( € S(1;2) :==C\ I(1;2), and

B
(1.2) <11—§> :exp{ﬁlogiig},

:(=—-1—-t(1+ z) for

for ¢ € S(—1;z) :=C\ l(—1;2), and arbitrary complex numbers « and (.
It is clear that S(1;x) =C\ [1,00) and S(—1;2) = C\ (—o0,1] for z € (—1,1).

Due to (1.1) and (1.2),

1-¢\* _ (1-¢"
(13) (1—x) “ (e
and

1+¢\° (1407
(1.4) <1+—x> T (1+a)8

for ( € S(L;z)NS(—1;2) =C\ {(—o0,—1]U[l,00)} and = € (—1,1).

(I1.1.1) Let «y be a rectifiable Jordan curve such that vyUinty C C \ {l(1; 2)

Ul(—1; 2)}, where z # +1, and ind(v; z) = 1. Then

i e LY () () A

Proof. Let a # +1, r(a) := min{27!|1 — a|,27 |1 + a|} and

Ba)=c\ |J {l:2)ui(-1;2)}

|z2—a|<r(a)

Denote the right-hand side of (1.5) by P}La’ﬂ)(z). Then, for z € U(a;r(a))
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={C:|(—al<r(a)} andn=0,1,2,...,

Bed) y_ 1 C=1 \"(1=¢\*(1+¢\’ d
b <Z)_%/C’(a;r(a)){2(c_z)} (1_Z> (1+Z) (-2

where C'(a;r(a)) :={(:|¢ —a| =r(a)}.

If ¢ € B(a), then the left-hand sides of (1.1) and (1.2) are holomorphic functions
of z in the disk U(a;r(a)). Hence, P,(la’ﬁ )(z) is a holomorphic function of z in
U(a;r(a)), and since a is an arbitrary point of the region C\ {—1,1}, péa,ﬂ)(z) is
a holomorphic function of z in this region.

If z=2z € (—1,1), then due to [I, (2.1)] and the equalities (1.3) and (1.4),
PT(La’ﬁ (z) = ﬁa’ﬁ )(ac) Referring to the identity theorem, we conclude that

PPy = PO () for z € €\ {~1,1} and n = 0,1,2, .. ..

1.2 There exists unique complex function h, holomorphic in the region H
= C\ [-1,1], such that h?(z) = 22 — 1 when 2z € H and h(x) > 0 when z > 1.
Usually, the value of this function at any point z € H is denoted by v/22 — 1. The
function w defined in H as

(1.6) w(z)=z+Vz2-1, zec\[-1,1]

is also holomorphic in H. Moreover, w(z) # 0 and (w(z2) + (w(2))™1)/2 = 2
when z € H. Hence, w(z) is as an inverse function of the Zhukovskii function
z = (w+w™1)/2. As it is well-known, the last one is univalent in the domain
D ={w: |w| > 1} and maps it onto H. Hence, the function w maps H onto D.
Since lim; s w(z) = 00, w is a meromorphic function in the region C\ [—1,1]
with a (simple) pole at the point of infinity.

If z € H, then define the function p(z,w) in the disk U(0;|w(z)|~!) by the
requirements p*(z,w) = 1 — 22w + w? and p(z,0) = 1. We denote this function by
V1 — 22w + w?. Tts existence follows from the fact that the disk U(0; |w(z)|7!) is
a simply connected region and 1 — 2zw + w? # 0 whenever w is in this disk, and
z € H. Indeed, the equality 1 — 2zw + w? = 0 implies w = w(z) or w = (w(z))*
which is impossible.

Notice that the function 1+ p(z,w) does not vanish in the disk U(0; |w(z)|™!)
when z € H. Indeed, the equality p(zo,wp) = —1 implies wg(wy — 2z9) = 0 which
contradicts to p(zo,0) = p(z0,229) = 1. Hence, the function

2z —w

(1.7) C(w) = T4 p(z,w)

is holomorphic in the disk U(0; |w(2)|™!) for 2 € H.
If w # 0, then from (1.7) it follows that ((w) = (1 — p(z,w))w ™" and, hence,
it hold the equalities

(1.8) (1 —w+p(z,w)(1 = {(w) =2(1 - 2),
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and
(1.9) (I+w+p(z,w)(1+¢(w)) =2(1+ 2)

A direct verification shows that these equalities are still valid even for w = 0.
Moreover, as their implications we obtain that 1 — w + p(z,w) # 0 and 1+ w +
p(z,w) # 0 for 2 € H and w € U(0; |w(2)]71).

Introduce the function P9 (z w) for z € H and w € U(0; |w(z)|71) \ {0} by

g+l
p(z,w)(1 —w + p(z,w))*(1 4+ w + p(z,w))?

(1.10) PP (z,w) =

2@+ﬂ

V1 —=2zw + w1l —w+ V1 — 22w + w?)*(1 +w + 1 — 22w + w?)P
and assume that P(®%)(z,0) = 1.
(I1.1.2) For z € H and w € U(0; |w(2)|™") it holds

(1.11) S P (" = PO (2 w).
n=0

Proof. P(O"ﬁ)(z, w), as a function of w, is holomorphic in the disk
U(0; |w(z)|~1) and, hence, by Taylor’s theorem it has a representation as a power
series centered at the origin, i.e.

o0
(1.12) PO (z,w) =3 al? (2w
n=0

If 0 <7 < |w(z)|~!, then for the coefficients in (1.12) we have

1 P(aaﬂ)
agﬁRZ)Z-—i/ ___léﬁﬁdw,n:ALL2w.”
271 CXQT) ,wn+1

From p?(z,w) = 1 — 2zw + w? it follows that p),(z,0) = —z, and using (1.7)
we find that ¢/(0) = —1 + 22 # 0 for z € H. Hence, there exists a neighbourhood
U(0;8) with 0 < § < |w(2)|™!, where the function ((w) is univalent. Since ¢(0)
= z, it is clear that for arbitrary r € (0,9) the image vy(z;7) of the circle C(0;r) by
the map ((w) is a positively oriented rectifiable Jordan curve with the property
that ind(y(z;r),2) = 1. Moreover, r can be chosen such that v(z; r)Uinty(z;r)

C HNS(1;2)NS(—1;2).
Using the representation (1.5) with v = y(z;r) and the equalities

M_l w) = ! w Hw(2)| 7
w3 W) mey Y VOEI™
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and denoting the variable ( by w, we obtain

1 P(aaﬁ)
PT(La’ﬁ)(Z):_/ de’ n:07172,....
28 C(O;T) wn+1

Hence, a%a’ﬁ)(z) = P,ga’ﬁ)(z) forn =0,1,2,.... Then from (1.12) it follows that
(1.11) holds in the disk U(0;|w(2)|71).

Let g be the unique complex function which is holomorphic in the region G
= C\ {(—o00,—1] U [1,00)}, and such that ¢*(z) = 1 — 2% and g(0) = 1. The
function 7(z) defined as 7(z) = z + ig(z) is holomorphic and nowhere vanishing
in G, and, moreover, (17(z) + (7(2))71)/2 = z for z € G. Hence, 7(z) is an inverse
of the Zhukovskii function z = (7 + (7)~'))/2 and as such, it is univalent in the
half-plane Im 7 > 0 and maps it onto the region . In particular, the image of the
point ¢ is the origin. More precisely, the image of the halfplane Im z > 0 is the
region determined by the inequalities |7| < 1 and Im 7 > 0, while the image of the
interval (—1,1) is the arc of the unit circle located in the half-plane Im 7 > 0. The
image of the half-plane Im z < 0 is the region determined by |7| > 1 and Im 7 > 0.

The proof of (I1.1.2) leads to the following assertion:

(I1.1.3) The equality (1.11) holds for arbitrary z € G and w € U(0;p(z)),
where p(z) = min(| ()|, |7(2)|").

A particular case of (1.11) is the representation
0
(1.13) 3 P (@) = PO (2, w),
n=0

which holds for —1 < x < 1 and |w| < 1. Indeed, in this case we have 7(x)

= |z +ivVI—a%| = 1.

2. Integral representation and generating functions
for Laguerre polynomials and associated functions

2.1 Here we intend to discuss the most familiar integral representations and
generating functions for the (classical) Laguerre polynomials.

(I1.2.1) Ifr € (0,1) and o € C\ Z~, then for z € C and n =0,1,2,...,

1
(2.1) L (z) = —/ w "Nl —w)T? exp(— i ) dw.
C (o) l—w

2

Proof. Since both sides of (2.1) are complex-valued functions holomorphic in
the whole complex plane, we need to verify the validity of (2.1) only for z = = > 0.
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. . .for Laguerre polynomials and associated functiins

Suppose that € (0,00) and let ¢ C C\ (—00,0] be an arbitrary positively
oriented rectifiable Jordan curve such that ind(o;z) = 1. Then from [Chapter I,
(3.1)] we obtain

@, r Yexpx [ ("T%exp(—()
(2.2) L) = T /U e

forn=0,1,2,...

The image of the unit disk U(0;1) under the homographic transformation ¢
= ((w) = z(1 —w)~ ! is the half-plane T : Re¢ > z/2. Since ((0) = z, the image
of any circle C'(0;r), where r € (0,1), is a positively oriented circle o(r) such that
ind(o(r);z) = 1. Since (z(1 — w) )" = 2"¥(1 — w) "% from (2.2) with
o = o(r), denoting ¢ by w, we obtain

1
L%a)(a;) = —/ w "Nl —w) T exp(— .
C(o;m)

Tw

)dw, n=0,12,....

2

Consider the function

(2.3) Lz, w) = (1 —w) 17 exp(— 1Z_ww),

for z € c,w € U(0;1) and o € C. Then, the equalities (2.1) and the Taylor
theorem lead to the following proposition:

(I1.2.2) Fora e C\zZ7,z € C and w € U(0; 1), the identity
0.}
(2.4) ST LY (2w = L (z,w).
n=0

holds true.

For z # 0 we define the function By /(z) by

(2.5) Ba(z) = 2~ J4(2/7),

where J, is the Bessel function of the first kind with index a [Appendix, (2.2)]
assuming that B, (0) = (I'a + 1))~

From [Appendix, (2.2)] it follows that if « € C is fixed, then B, (z) is an entire
function of the complex variable z. Its Taylor representation centered at the origin
is

& 1)V
(26) Ba(2) = Z V!I‘((V —: a+1)

v=0

There is a generating function for the Laguerre polynomials involving the entire
function B,. More precisely, the following assertion is true:
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(I1.2.3) If a € C\ Z™, then

o0 (@)
Ly, (Z) n
2.7 _— = B .
(2.7) 2T 1)w exp wBq (zw)

for z € C and w € C.

Proof. From (2.6) and the Cauchy rule for multiplication of power series it
follows that

0o n (—1)”2”
expwBa(zw) = Z{Z viin—v)IT(v+a+1) }

n=0 v=0
Since
n+a\ Fn+a+1)
n—v) (m—-v)T(v+a+l)
forn=0,1,2,... and v =0,1,2,..., [1,(2.8)] gives

= n —= oo
vim—v)Tv+a+1) Thh+a+1) T

v=0

If z € C is fixed, then By(z) is an entire function of «. Indeed, each term of
the series in the right-hand side of (2.6) is an entire function of a. Moreover, this
series is absolutely uniformly convergent on each compact subset of the complex
plane. In order to prove the last property one can use the well-known geometric
test due to D’Alembert. If we denote uy(z, ) = (=1)V2Y(v'T'(v + a + 1)) 7!, then

Uy 41 (Za Oé)
uy(z, @)

lim

V—00

=0

uniformly with respect to « in any disk U(0;7) with r € R.
(I1.2.4) Forn =0,1,2,... and a € C with Rea > —1 — n, the integral

(2.8) In(z,a) = /On t" exp(—t) By /(2t) dt

is absolutely uniformly convergent with respect to z on every compact subset of
C. Moreover, for z € C and o € (0, 1), an inequality of the kind

(2.9) |In(z,a)| < Const(z,0)0” "I'(n+ Rea+1), n=0,1,2,...

holds.

Proof. By means of the coefficients of the power series representation (2.6) it
can be proved that the order of By(z) as an entire function of z is equal to 1/2.
Hence, there exists a constant B € R such that for z € C

(2.10) |Ba(2)| < Bexp(|z]¥/4).
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. . .for Laguerre polynomials and associated functiins

Therefore, for r € RT the integral
o0
(2.11) / [HREA e (1) By (21)] dt
0
is majorized on the disk U(0;r) by the convergent integral

(0.9]
/ AR oyen(—t 4 r3/4t3/4) dt.
0

If z € C and o € (0,1) are fixed, then the function exp|[—(1 — o)t + |2|3/4¢3/4]
is bounded on the interval [0, 00). Then, using (2.10), we find

o0
[In(z, )| < Const(z,a)/ R oxp(—ot) dt
0

= Const(z,0)0” "I'(n + Rea + 1)
forn=0,1,2,....

(I1.2.5) If z € C and n = 0,1,2,... are fixed, then the integral in (2.8) is
absolutely convergent with respect to o on every compact subset of the half-plane
Rea > -1 —n.

Proof. From the integral representation [Appendix, (2.15)] it follows that

(2.12) Ba(z2t) = L/ (T %exp(¢ — 2t/C) dC.
L(6,p)

271

If z # 0, then let us take p = 2|z|. Since |(| > p for ( € L(4,p), we have
|2t/¢| < t/2 whenever 0 <t < oo and ¢ € L(4,2|z|). Then (2.12) yields

exp(t/2 1
Balen)] < ZHYD [ jeie e ds.
@ L(6,2|2)

The above inequality implies the majorization of the integral in (2.8) on every
compact subset of the half-plane Rea > —1 — n by an integral of the kind

/Oo " exp(—t/2) dt

with A > —1.

(I1.2.6) For zeC, n=0,1,2,... and « € C with Rea > —1 — n it holds

o0
(2.13) L(z) = expz/ t" " exp(—t) Bq/(2t) dt.
0

n!
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Integral representations and generating functions

Proof. If n and z are fixed, then L%a)(z) is an entire function of a. Since
(I1.2.5) implies that the right-hand side of (2.13) is a holomorphic function of «
in the half-plane Rea > —1 — n, it is sufficient to prove the validity of (2.13) only
when Rea > —1. Suppose that this requirement is fulfilled.

The particular case of (2.13) which corresponds to n = 0, i.e. the equality

exp(—z) = /OOO t“ exp(—t) Bo(2t) dt,

can be proved by replacing z by zt in the right-hand side of (2.5) followed by
multiplying by t®exp(—t) and termwise integrating on the interval (0,00). The
last ”operation” is available since after the integration we obtain a series which is
absolutely convergent for z € C.

For z € C the power series

(2.14) i In(z.0) n

n!
n=0

is convergent in the disk U(0;1). Indeed, if o € (0,1), then the inequality (2.9)
and the Stirling formula yield that limsup,, ., [In(z, a)(n!) 7Y™ < oL, Hence,
the function LY (z,w) defined for z € C and w € U(0;1) by

B O Wt [
(2.15) L(z,w) = E —‘/ t"T Y exp(—t)Bq/(2t) dt
n! Jo

n=0

is holomorphic as a function of w in the disk U(0;1). In fact,

L@ (2, w) = /O oo{ 3 (“:%}ta exp(—t) Ba(2t) dt,
(2.16) L9 (z,w) = /OO t“ exp[—(1 — w)t]Ba(zt) dt.

Both sides in (2.16) are holomorphic functions of w in the disk U(0;1). Since
from (2.14) and (2.3) it follows that

/OOO t¥ exp[—(1 — u)t]Bo(2t) dt = (1 —u)~'7¢ /OOO t¥ exp(—t)Ba(2(1 —u)~'t) dt

z

= (1 —u)" ¢ exp(— ) = exp(—2) LY (z,u)

1—u
for u € (—1,1), the identity theorem implies that the equality L(®(z, w)
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.for Laguerre polynomials and associated functiins

= exp(—2) L@ (z,w) holds whenever z € C and w € U(0;1). Then, the validity of
(2.13) for each z € C and n =0, 1,2, ... follows from (2.4) and (2.15).

We have already mentioned that the Hermite polynomials can be expressed
by means of the Laguerre polynomials {Lgla)(z)}%j:o with a = +1/2 [Chapter I,
(5.24), (5.25)]. Conversely, there exist integral representations of the Laguerre
polynomials in terms of the Hermite polynomials:

(I1.2.7) For z € C and « € C, with Rea > —1/2,

N n+a+l
(2.17) LyY(2%) = 5—(2) )1;(a+1/2))

1
/ (1= V2H,, (2t)dt, n=0,1,2, ...

Proof. From [Chapter I, (2.12)] it follows that
n
2 t 2k
Hyp(2t) = 'Z Z) ,n=20,1,2,....
k:o

Since Rea > —1/2, we have

1 1
/ (1— )22k g = %/ (1 — w)* V2h 12 gy
0 0

Fla+1/2)0(k+ «/2)

Tkt at ) = (2k—1)(2k —3)...3.1y/al(a+1/2), k=0,1,2,....

But (2k)! = k!2F(2k — 1)(2k — 3) ... 3.1 and, hence,

2(-)"T'(n+a+1)
Vr(2n)T(a +1/2)

:Z y <n+a>z2k:L%a)(22),n=0,1,2,,__,

=0

1
/ (1— )27 Y2 1, (2t) dt

2.2 There are several integral representations of the Laguerre associated func-
tions depending on their domains of existence.

(I1.2.8) If Rez < 0 and Rear > —1, then

(2.18) My () = —(=2)° /OOO tﬁie?ﬁl%—f ) at

forn=20,1,2,....

Proof. If Rez < 0 and r > 0, then let C(z,r) be the circular arc lying in right
half-plane and having r as its initial point and r expif, where 6 = arg(—z), as its
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endpoint. Then

(2.19) lim " exp(—()

d¢, n=20,1,2,....
=00 JCz,r) (€ — =)t

Indeed, if ¢ € C(z,7), then |exp(—()| < exp(—r cos#) and, hence,

‘/ C”*O‘exp( C)d or exp(—r cosf)

n+Re a+1
— z)nHl C‘ - 2(r — |z|)" 1

for r > |z|.
Furthermore,

)/ <n+a exp C’ 5n+ReO¢+1
C(2.6) _Zn+1 —2‘ |_ )n+1’

and, due to Rea > —1, we obtain that

(2.20) lim " exp(=¢)

d =0,1,2,.
550 0(275) (Q—Z)n-i_l C O n O; )

Denote by C*(z,9) the circular arc lying in the right half-plane and having
dexpif and 0 as its initial and its endpoint, respectively. If 6 < |z| < 7, then
denote by L(z,0,7) the path consisting of the segment [d, 7], the arc C(z,r), the
segment [rexpif,dexpif], and the arc C*(z,0). Then, according to the Cauchy
integral theorem

Cexp(=C) o

If i(—=2) : ¢ = (—2)t,0 < t < oo, then using the integral representation [,
(4.13)] as well as the equalities (2.19), (2.20) and (2.21), we obtain

@\ _ " exp(—() .
MO (2) = /l(z)—(C—z)”“ dc, n=0,1,2,. ...

Setting ( = (—2)t,0 < t < oo, we arrive to the integral representation (2.18).
Let us now define

(2.22) M@ (z,w) = —(—2)° /OOO

(07

1+¢

for Rez < 0,Rea > —1 and w € C.
(I1.2.9) If Rez < 0,Rea > —1 and w € C, then
M(a)
(2.23) > M (2) o _ M@ (z, w).

n!
n=0
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. . .for Hermite polynomials and associated functions

Proof. Since 0 <t/(1+t) <1 fort € [0,00), (2.18) implies
o0
M (2)] < y(—z)a|/ tRe® exp(at) dt, © = Rez,
0

and, hence, the power series on the left-hand side of (2.23) converges in the whole
complex plane, provided Re z < 0. Therefore, if w € C, then the series

i(_z)a{ wt }ntaexp(zt)

|
~ n! 1+t

can be integrated term by term on the interval (0, co) with respect to the variable
t. Thus, we obtain the equality (2.23).

As a corollary of [Chapter I, (5.21)] and the integral representation [Appendix,
(3.13)] of the Tricomi function we obtain the following proposition:

(I1.2.10) If Rea > —1, then for z € C \ [0,00) and n=0, 1, 2, ...

(2.24) M (2) = —2(—2)*/2 / a2 exp(—t) Ko (2v/—21) dt,

where K, is the modified Bessel function of the third kind with index «.

3. Integral representations and generating functions
for Hermite polynomials and associated functions

3.1 Having in mind the definition of the Hermite polynomials given in [Chapter
I, 2.3] as well as the integral representation [Chapter I, (1.12)], we find that for
reRT

—1)"n! exp(—(C% — 2z
Hn(z):%/ p( iﬂ D n=01.2.. .
271 C(O;?”) C

Replacing z by —z and using the relation Hy,(—z) = (—=1)"Hy(z), n=0,1,

2,..., we arrive to

T 9 (ntt

(3.1) Hy(z) = i /C(M) xp(=C" +2:0) ¢, n=0,1,2,....

Further, from the above integral representations it follows that for z € C and
w € C it holds the identity

— H(2)
n n _ 2
(3.2) nE_O W = exp(—w* + 2zw).
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(I1.3.1) If z € C and § € R™, then there exists a positive integer ng = ngy(z,9)
such that

(3.3) [Hp(2)] < (2n/e)?(1 + 6)"
for n > ny.

Proof. If z is fixed, then exp(—w? + 2zw) is an entire function of order 2 and
type 1. Therefore, the equality limsup,, ., n'/2{|Hp(z)|(n!)"1}/" = \/2e holds.
Hence, for each 6 € RT there exists a positive integer ng = ng(z,d) such that
|Hn(2)| < nl(2e/n)"/2(1 + §)*/2 for n > ng. Since ny can be chosen such that
n! < (n/e)2(1 + 6)™/2 for n > ng, we conclude that inequality (3.3) holds for
n > ng.

The relation [Chapter I, (5.16)] and the integral representations [Appendix,
(4.5)] of the Weber-Hermite functions yield

277,+1 )
(3.4) Hy(z) = exp z2/ t" exp(—t?) cos(2zt — nw/2) dt
e 0
whenever z € C and n = 0,1,2,.... An immediate consequences of the above

equalities are the following integral representations of the Hermite polynomials

oM (—i)" , [ ) .
3.5 Hy(z) = ————expz t"exp(—t° + 2izt)dt, n=0,1,2,....
n! o

(IL.3.2) If ze C,( € C and w € U(;1), then

(3.6) Z Mwn (1- w2)—1/2 exp{2z<w — (22 + )w }

nl2n - 1 —w?

n=0

Proof. If z and ( are fixed, then the series on the left-hand side of (3.6) is
convergent in the unit disk. If 0 < |w| < 1, then we choose § € R such that
q = (1+9)?lw| < 1. Since n! > (n/e)"” when n > 1, from (IL1.3.1) it follows that
there exists a positive integer ny = ng(z, ¢, d) such that

Hy(2)Hp(Q)w" <"

nl2n -

whenever n > ng. Obviously, the above inequality holds for w = 0 and n =
0,1,2,....
Further, both (3.4) and the representation
2" (—i)" 2 [ 2 o
Hy,(() = ——=—exp( " exp(—7° + 2i¢T) dT,
—0o0

N3
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. . .for Hermite polynomials and associated functions

show that for w € C and n =0,1,2,... it holds
Hp(2)Hn(Quw"
nl2n

24 (2) [0 [0 (—2tTw)"
_exp(z2+ ) / / T p(—% — 72 = 2izt — 2iCr) di dr.
T oo o n!

Consider the series whose general term is the integrand of the double integral
in (3.7). If w € U(0;1), then this series can be termwise integrated on R? and,
hence, we can write

(3.7)

(3.8) Z Hn(Z)Hn(C)wn

191
— nl2

2 2 o0 o0
_exp(2® +¢7) / / exp(—t2 — 72 — 2wtT — 2izt — 2iCT) dt dr.
T —00 J—00

Since

(3.9) /oo exp(—a’s® — 2bs) ds = VT exp(b*/a?)

o a
when Rea? > 0, we find that

(0.9] (0.9]
/ / exp(—t? — 7% — 2wtt — 2izt — 2iCT) dt dt
—00 J =00
(0.9] (0.9]
= / exp(—t* — 2izt) dt/ exp[—7% — 2(wt + i¢)T] dT
—00 —00

= /mexp(—C?) /OO exp[—(1 — w?)t? — 2i(z — w()t] dt

—0Q

2 2,2
:7T(1—ZU2)_1/2€XP{—C2—Z —2zCw + C*w }7

1 —w?
thus, proving (3.6).

3.2 We leave the proof of the following proposition as an exercise to the reader:

(I1.3.3) The equalities

(3.10) (a) 3 Gi&'z)w” = GE(z—w),
and
(3.11) b)Y G?;fz)w” — Gy (2 —w)

hold true when z € C and w € C.
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Exercises
1. Verify the validity of equality (2.7) for « = —k, k=1,2,3,....
2. Prove that
00

VT Hy(2) = 2" / (z + it)" exp(—t?) dt

—0o0

forzeCandn=0,1,2,...
3. If Re A > 0, then prove the validity of the integral representation

PT(L/\)(Z) - n';gﬁjgl?()\)?))? /Oﬂ(z + V22 — 1 cos )™ (sin ) ' dop,

z€C, n=0,1,2,...

4. Prove that for z € C

T
Po(z) =71 2+ V22 —1cosp)dp, n=0,1,2,...,
¥ '
0

™
Pn(z):ﬂ_l/ (z+ V22 —1cosp) " tdp, n=0,1,2,....
0

Remark. The above representations of Legendre polynomials are known as
the first and second Laplace integrals, respectively.

5. Prove that if z € C\ [-1,1],w € U(0;|w(2)|™!) and 2X\ # 0,—-1,-2,...,
then

) S DOEATL) oy g in . p ),

where

22120 (X 4 1/2)
T(2A)VI — 22w + w2 (1 — 2w + v/1 — 22w + w?) /2

6. Prove that (a) holds when z € C\ {(—o0, —1] U [1,00]},w € U(0; p(z)) and
2\ #0,—1,—2,.... In particular, (a) holds when z =z € (—1,1) and |w| < 1.

7. Prove that if z € C\ [-1,1],w € U(0; |w(2)|~") and XA # 0,—1,—2,... then

PV (z, w) =

(b) i P (2)w™ = (1 — 22w + w?) .

n=0

8. Prove that (b) holds when z € C\ {(—o0, —1]U[1,00)},w € U(0; p(z)) and
A#0,—1,—-2,.... In particular, (b ) is valid when z = z € (—1,1) and |w| < 1.
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9. Prove that if z € C\ [~1,1] and w € U(0; |w(2)|~ 1), then

> 1— 22
© L+ 2 Tl = =g,
> 1
@ nZOUn(z)w” T 1-2zw + w?

10. Prove that the equalities (c) and (d) hold for z € €\ {(—o0, —1]U[1,00)}
and w € U(0; p(z)). In particular, they hold for z =z € (—1,1) and |w| < 1.

11. Suppose that Rea > —1,Re 3 > —1 and define the function

K@) (2, ) = / ta-grasyt o {(1—t2)w} 0

5 z—t 2(z —t)

for z € C\ [-1,1] and w € C. Prove that for such z and w,

o

n
S5 = KOOz, w).

n!
n=0

Comments and references

All integral representations and generating functions for the Jacobi and La-
guerre polynomials and associated functions included in this chapter are estab-
lished under the most general conditions on the parameters a and 3. In some
cases they may be arbitrary complex numbers.

The equality (2.7) is due to G. DOETSCH [H. BATEMAN, A. ERDELYI, 1, 10.12,
(18)] and the integral representation (2.13) is a corollary of [Appendix, (3.12)] via
[I, (6.4)]. We prefer to give an independent proof of (2.13) as well as to use the
entire function B, (z) instead of the Bessel function J,(z) of the first kind with
index « for which the origin could be a branch point.

The integral representation (2.17) of the Laguerre polynomials by means of
even Hermite polynomials is known as a formula of J. V. USPENSKY [1]. It plays a
considerable role in Chapter V, where the representation of holomorphic functions
as series in Laguerre polynomials is discussed.

The equality (3.6) is an example of the so called bilinear generating functions.
It is due to F.G. MEHLER [1].
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Chapter II1
ASYMPTOTIC FORMULAS. INEQUALITIES

1. Asymptotic formulas for Jacobi polynomials
and associated functions

1.1 Recall that the function w(z) = z + v/22 — 1 [Chapter 11, (1.6)] is mero-
morphic in the subdomain C \ [—1,1] of the extended complex plane and that
it has a simple pole at the point of infinity. For z € C \ [-1,1] we define
I(z) = {¢ = (1 +tw(z), 0 <t < oo} U{occ} and assume that I(oc0) = oo.
The function v of the complex variables z,w, defined in the region A = {(z,w) :
z€ T\ [-1,1,w € T\ I(2)} C T xC by 9(z,w) = exp{(1/2)log(1 — w/w?(2))},
is holomorphic in A, and ¥?(z,w) = 1 — w/w?(2),%(2,0) = 1. The function ¢,
defined in the region C\ [1,00) by ¢(w) = exp{(1/2)log(1 — w)}, is holomorphic
in this region, and p?(w) =1 —w, »(0) = 1.

If B is the region {C\ [—1, 1]} x {C\ [1,00)}, then the intersection D = AN B
is also a region in C x C. Moreover, if p(z,w) is the function in the right-hand side
of [Chapter II, (1.10)], then the function p(z,w/w(z)) is holomorphic in D and

p(z,w/w(z)) = Y(z,w)p(w) = /1 —w/w?(2)v/1 — w. Hence, the function
(1.1) A (2 w) = VI = wP YD) (2, w/w(z)),

where P(@0) is the function defined by [Chapter II, (1.10)], is also holomorphic
in the region D. This function can be analytically continued in the region A as a
holomorphic function of the complex variables z, w. In particular, if z € C\ [-1, 1]
is fixed, then A(®9 (z w) is holomorphic in the disk U(1;|w(z)[> —1). By Taylor’s
theorem its power series representation in a neighbourhood of w = 1 has the form

(1.2) AB) (5 ) = i AP () (1 = w)k,
k=0

Suppose that r € (1,00) and denote by E(r) the interior of the ellipse e(r)

={zeC:|wk)|=r}. fO<p<r?—1,thenfor €T\ E(r) and k =0,1,2,...

1 Alef)
1.3 Al oy L L dw.
(:3) E =50 oy (L wpt

From the above representation it follows that each of the functions Agy’ﬁ )(z),

k=0,1,2,...,1is holomorphic in the region C\ F(r). The union of these regions as
r runs the interval (1, 00) is the region C\ [—1, 1] and, hence, each of the functions
(1.3), k=0,1,2,... is holomorphic in the region C\ [—1, 1].
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.for Jacobi polynomials and associated functions

Consider

(1.4) PP (2 w) = POB) (2w fw(2) ZA (@) (1)(1 — w)k=1/2,
where (z,w) € S ={C\ [-1,1]} x {C\ [1,00)} and let

0
(1.5) P (z,w) = 3 A (2)un
n=0

for w € U(0;1).

(II1.1.1) If 1 < r < co,v = 0,1,2,..., then the sequence {n”“A ( ),
is uniformly bounded on K(r) =C\ E(r )

Proof. The representation

00
Py(a’ﬂ)(z,w) _ Z Agﬂa’ﬁ)(z)(l _ w)kz—l/Z

k=v+1

holds for w € U(0;1) NU(1;|w(2)|?> — 1). Then it is clear that the function

8V+1P aﬂ)
(pl(/aﬂ (z,w) = 3wu+1( w)

is holomorphic in the region S and that it can be extended as a continuous function
of (z,w) € {C\ [-1,1]} x U(0;1). From (1.5) it follows that for n > v

(@,3)
(1.6) mn_mm—zyum—ymﬁﬁuyz%;lmnf%z%fgdw

Denoting by 7,0 < p < min(1, |w(z)[* — 1), the arc of the circle C(1;p) lying
in the disk U(0;1), and by C) the arc of C'(0;1) which is outside the disk U(1;p),
then for n > v we have

n(n—1)(n—-2)...(n-v)A%0(2)

1 ’5)(2' w) 1 ’5 (z w) J
= —_— —_——— A — —— w.
211 C, w” v/l —w 271 Vo w” V1 —w
Since ol 8
. (pl/ o (27 IU) _ 901(/047 (Za U})
lim " L dw= —— " 2 dw
r=0JC, w1 —w C(0;1) W vy/1—w
and af)
lim SDV (Z’ w) dw =0,

P=0 )y, WPV —w
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we conclude that the equality (1.6) holds for z € C\ [—1,1] and n > v.
Since the function |!" (2:6) )(z,w)| is bounded on {C\ E(r)} x U(0;1), Where 1

< r < 00, from the equalities (1.6) it follows that the sequence {nV“A ( )12,
is uniformly bounded on K(r), where 1 < r < oo.

(II1.1.2) The representation
(L7) W) "B ()

& (DT k4 1/2)T(n — k+1/2)
B Z ml'(n+1)

A (2) + AP (2)
k=0
holds for z € C\ [-1,1,,v =0,1,2,... and n=10,1,2,....

Proof. Taking into account [Chapter II, (1.11)], we find that

AP ) = (PO - oS (M7 ) A e

n
k=0
and, hence,

v

@R = Y () A e+ P

n
k=0
forreC\|[-1,1], »r=0,1,2,...,and n=0,1,2,....
The equality

a\ (=1)"T'(n —a)

n)  nll(-a)
which is valid for a # 0, 1,2, ..., as well as the relation I'(—k + 1/2)I'(k + 1/2)
= (=DFr, k=0,1,2,..., yield that

k—1/2\  (=1)"*T(k+1/2)T(n -k + 1/2)
( n ) B 7l(n+1) ’

and, thus, we obtain the representation (1.7).
For v = 0, as a corollary of (1.7), we obtain

I'(n+1/2)
Val(n +1)

and, moreover, that the sequence {nA((f;;ﬂ )(z)}?f:l is uniformly bounded on K(r)
when 1 < r < 0.

From (1.1) and (1.2) it follows that

(1.8) (w(2) P (2) = A LEL AP () 4 AP ()

AP () = AP (2,1) = (VT = wP@P) (2, 0/w(2)) e
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for z € C\ [—1, 1] and, hence, A(()a’ﬁ)(z) # 0 for each z € C\ [—1, 1]. Then, (1.8) as
well as a particular case of [Appendix, (1.13)], lead to the following proposition:

(I11.1.3). If z € T\ [-1, 1], then
(1.9) PP (2) = 7720 2 w(2) D () {1+ pi 7 ()}, n=1,2,3,...,

where the complex functions p(o‘ﬁ)(z)7 p%a’ﬁ)(z), n=1,2,3,..., are holomorphic
in the region T\ [—1,1]. Moreover, p‘®?)(z) # 0 for every z in this region, and the

sequence {\/_p(a’ﬁ)( )}o2, is uniformly bounded on K(r), where 1 < r < co.

1.2 We need the asymptotics of Jacobi associated functions {lea’ﬁ )(z)}%ozo
when n tends to infinity and z ranges on an arbitrary closed subset of the region
C\ [-1,1]. The final result is an asymptotic formula which is a corollary of some
auxiliary propositions.

(I11.1.4) If «+ 1,8+ 1 and a + 3+ 2 are not equal to 0,—1,—2, ..., then for
z€eC\[-1,-1]

(0.}
(1.10) (@@)™ QM (2) = > B (w(z) 7k n=0,1,2,...,
k=0

where the coefficients satisfy the recurrence relation
(1.11) (k+1)@2n+k+a+B+2)By, y +2(a—B)(n+k+1)B,
+Ha+B8-k)2n+k)B, 1 =0, k=1,2,3,....
For k=0,1,2,... there exists

(1.12) D = (2ym) ! lim n!2BO

n—oo

and the following recurrence relation

(113)  (k+ DB +(a BB + (a+5-K)BM) =0, k=1,2,3,...
holds.

Proof. Since the function Q%a’ﬁ ) is holomorphic in the domain C\ [—1, 1], and
since it has a zero of multiplicity n 4+ 1 at the point oo, the function

(1.14) B(Q) = Q¢+ ¢/, n=0,12,.
is holomorphic in the unit disk U(0;1). Let

(1.15) )= B¢

k

(0.9]
=0
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be its power series expansion in U (0; 1). Setting ¢ = (w(z)) !, where z € T\ [-1, 1],
we obtain the representation (1.10).
From [Chapter I, (5.17)] it follows that if ( € U(0;1) and n =0,1,2,..., then

F(2TL + o+ ﬁ + 2) B(a’ﬂ)

(1.16) 220+t f20(n+ o+ DT (n+ B+ 1) ©

=(1=0O)" " F(n+a+1Ln+1,2n+a+ B+ 2;—4¢/(1 — ()?)).

Since the function F(n +a+ 1,n+ 1,2n + a4+ B + 2; 2) is a solution of the
differential equation

21—2)w" +2n4+a+8+2—2n+a+3)zuw —(n+1)(n+a+ Dw=0,
it is easy to verify that the function Bff"ﬁ )(C ) satisfies the equation
C(1 =" + [(a+ 8 —2n—4)¢ +2(a = ) + a + B+ 2n + 2w

+2(n+ D[(a+—-1)(+a—Flw=0.

Then, by inserting the power series from (1.15) into the last equation, followed by
equating the coefficient of Ck“, k > 0, to zero, we get the relation (1.11) as well
as the equality

(1.17) 2n+a+8+2)BY +2(n+1)(a— BB =o.
Ifa+1,6+1and a4+ (+ 2 are not equal to 0, —1,—2, ..., then

22+ 2D (4 oy + 1)D(n + f + 1)
1.1 Bnho=
(1.18) o T(2n+a+ B +2) N

=0,1,2,....

Since B;I%B ) = Bg)"ﬁ ) (0), the above equality is a direct consequence of (1.16).
Using it together with the Stirling formula, we find that

(1.19) lim n'/2B%Y =27

n—oo

and then (1.17) implies

(1.20) lim n'/2B%7 = 2/7(5 - a).

n—oo
Observe that the recurrence relation (1.11) can be rewritten in the form

@f _  2a=p)n+k+1) @p

(a+5-k)@n+k+1) s
(k+1)(2n+a+B+2) mk-1

k=1,2,3,....
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. . .for Jacobi polynomials and associated functions

Then from (1.19), (1.20) and (1.21) it follows by induction that for k =2,3,4...
there exists limy,— o0 nl/QBan. In particular, using (1.12) as well as (1.19) and

(1.20) we find that Béa’ﬁ) =1, and B%a’ﬁ) = (0 —a. Then (1.21) yields the relation
(1.13).

Further, define the function
(122) ) = (1= @)L (wle) )
in the region C \ [—1,1].

(II1.1.5) The representation
o0
(1.23) 0P() =3 B ()
k=0

holds in the region C \ [—1,1].

Proof. For ¢ € U(0;1) we consider the function
B(a, B;¢) = q(aﬂ)((g +¢TH/2)=(1 - C)a—1/2<1 + Oﬂ_lh.

By Taylor’s theorem,
m ~
B(a,8:¢) = Y B¢k ¢ e U(0;1).
k=0

A direct verification shows that if ( € U(0;1), then
(1-¢*)B (@, 8:¢) + [(a+ 8~ 1)¢ + a — ] B(a, 5;¢) = 0.
Therefore, the coefficients {B](Ca’ﬁ )}iio satisfy the same recurrence relation (1.13)

as the numbers {Blia’ﬁ)}zio do. Since Bg’ﬁ = B(a,5;0)=1= Béa’ﬁ) and B§a’ﬁ)

=B'(a,3;0) =8 —a= Bfl’ﬁ), it follows that B]ia’ﬁ) = B,ia’ﬁ) for k=0,1,2,....
Thus, (1.23) is proved.

(I11.1.6) Let o+ 1,5+ 1 and o+ 3+ 2 be not equal to 0,—1,—2,.... Then
for each r € (1, 00),

(1.24) lim (2v/7) 02w (2))" QP (2) = ¢ (2)

n—oo
uniformly on C \ E(r)
Proof. Define

(1.25) MOP) = sup2ym)~nBAD| K =0,1,2,....
n>1 ’
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Since each of the sequences {nl/Qst]’f)};ﬁl, k=0,1,2... is convergent, we
have that Mlia’ﬁ) < oo for k=0,1,2,.... More precisely,
(1.26) hmsup{M(a’ﬂ }1/k <1
k—o0

Denote A\ = | — (], u = |a+ (] and kg = 1 + max(0, [¢]). Since
Cn+k+1)/2n+k—p) <(k+1)/(k—p)

forn =0,1,2,... and k > ko, as a corollary of (1.21) we obtain that the inequality

holds for n =0,1,2,... and k > k.

Define the function o(\, p; ¢) = (1—¢)~CAAFD/2(1 4 ) @A=1=1/2 iy the region
C\ {(—o00,—1]JU[1,00)}. Let

1y 2
(1.27) ‘B <k { A PCHE B A PR

nk+1 _k plk+1 n,k k41 n,k—1

)‘MC ZO.()\/J)

be its Taylor’s expansion in the disk U(0;1). It is easy to verify that the function
o (), u; €) satisfies the differential equation (1 — ¢*)w’ — [(u + 1)¢ + 2A\]w = 0 and
that the last property leads to the recurrence relation

A _ 2N o Rt o
(1.28) o = Pl o) +k+10k Vs k=1,2,3,....

Since a(())"”) =o(A\p;0) =1, and 09’“) = o'\, 1;0) = 2\ = 2|a — 3|, from
(1.28) it follows that all the coefficients a](:"”),k = 0,1,2,..., are nonnegative.
Moreover, if @ # (3, then all they are positive If « = 3, then the function

(M) — 0,k =0,1,2,..., and gi}"

(0, 4;¢) is even and, hence, in this case o,/ 1

>0, k=0,1,2,....

The positive constant L can be chosen such that

(2vm) 02| B < Lo
and

(2\/— —1 1/2‘3 75 ‘ < La.kowuf)
for n = 1,2,3,.... Obviously, if @ # [, then this is possible, since any of the
sequences {nl/QB (@,0) 1, k=0,1,2,..., is convergent and, moreover, a](g/\’“)

>0,k=0,1,2,.... If « = 3, then from (1.14) and the relation Qf ’ﬁ)( 2)

64



. . .for Jacobi polynomials and associated functions

= (—1)”“@%6’04)(2), n=0,1,2,..., [Chapter I, Exercise 24] it follows that for n
=0,1,2,... the function Bfla’a)((’) is even, hence, B;ﬁz’gil =0,n=0,1,2,...,k
=0,1,2,.... Let us recall that in this case Jé(])c’ﬂ =0,k=0,1,2,.... The inequal-

ities (1.27) and the recurrence relation (1.28) give that if & > ko, then

(o, 3)
Bn,k:+1

k
(A1) s+1
SLO'k_H H S_M,

(2v/7) 0!/

S:ko

i.e.
A L(ko —WI'(k+1)

<L
= k1 T(ko + DI(k — 1)

n,k+1

(2\/7_1_)—1711/2‘3(@36)

Hence,
A L (ko — p)T'(k + 1)

(@.8) <
M = Lok B ¥ DOk — 1)

k+1

and since lim supkﬁoo{al(j"u W1/k < 1, the Stirling formula yields the inequality
(1.26). Since ‘B}fﬂ)‘ < M for k=0,1,2,..., it follows that

1/k
’ <1, k=0,1,2,....

lim sup‘Bl(Ca’ﬁ)

k—o00

Forn=1,2,3,... and z € C\ [—1, 1] consider the function
(1.29) () = @vm) T QY () — P ().

Let € > 0,7 € (1,00) and § > 0 be chosen such that 1 + 6 < r. Then, there
exists a positive integer v such that ((1 + 9)/r)¥ < S,M]ia’ﬁ) < (1 + 6)" and

)B](ﬂa’ﬁ)‘ < (14 6)¥ for every k > v. We can also find a positive integer N = N (e)

such that
’(2\/%)—1”1/237(10;];5) _ B](fa’ﬁ)‘ <e

for k =0,1,2,...,v and n > N. Then, for z € C\ E(r) = {z € C: |w(2)| > r}
and n > N we have the inequality

00
|T§laﬁ)(2)| < Z‘(zﬁ)—lnlhBT(Z‘]’f) — B](Caﬂ)’|w(z)|—k
k=0

ie. |T§La’ﬁ)(z)| <A{r/(r—1)42r/(r —1—40)}e. Thus, the proposition (II1.1.6) is
proved.
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(II1.1.7) If a+ 1,8+ 1 and a + B+ 1 are not equal to 0,—1,—2, ..., then for
everyn =1,2,3,... and every z € C\ [—1, 1]

(130) QWP (2) = 2y V2 (w(2)) @D ()1 + ¢ (2)).

Moreover, limy, q%a,ﬂ )(z) = 0 uniformly on every set C\ E(r), where r

€ (1,00), and, hence, on each closed subset of the region C\ [—1,1].

Proof. From (1.29) it follows that if z € C\ [-1,1] and n =1,2,3,..., then
£9(z) = 2v/mn 2 (w(z) T gD 4 D ()}

Denoting q%a’ﬁ)(z) = rﬁla’ﬁ)(z)/q(o"ﬂ)(z), n=1,2,3,..., we obtain the represen-
tation (1.30).
The identity A(Va’ﬁ ) (z,z) = 1 [Chapter I, Exercise 27| yields that for z € C

\[_171]7

(1.31) PR (=)~ R (@)@ ()

v+1 v+1

29 vt a+ BT (v+a+ DI(v+ 5+ 1)
Fv+2)I'(v+a+5+2)

v=0,1,2,....
The above equality as well as the representations (1.9) and (1.30) give
R(a, B;v) = p @7 ()¢ @D () {(1 +pi” () H1 + 637 (2))

—(w(2)"H1+ P ()1 + 67 (2)} = R(, B;v)

B 2081 2(y 4+ 1)V2(20 + o+ BT (v + o+ D)I(v + B+ 1)
B Fv+2)l(v+a+6+2) '

By means of Stirling’s formula we find that lim, oo R(cv, 8;v) = 20+0+1 Thus,
we come to the relation p(®™ (2)g@™ (2)(1 — (w(z))72) = 20+0+1 2 T\ [-1,1].
Then, as a direct result of the definition of the function q(o"ﬁ)(z), we obtain that
the equality

(132) () = 2L (w(=)) ) T (w(z) T T

holds in the region C \ [—1,1].
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2. Asymptotic formulas for Hermite and Laguerre polynomials

2.1 The asymptotics of the Hermite polynomials {Hy(z)}72, when z is
bounded and n tends to infinity is given by the following proposition:

(II1.2.1) Ifz€C, n=0,1,2,... and s = 1,2,3,..., then

(2.1) Hy(z) =M\ exp(zQ/Q){cos[(Zn +1 1/2 — nm/2] Zuk )(2n+ 1)~

+sin[(2n + 1) 12, —nm/2] ka )(2n +1) —h-1/2 g h57n(z)},

Ao =T(2n+ 1)/T(n + 1), Aang1 = (2n+ 1)"/2T(2n + 3)/T(n + 2),

where {uy(2)}7°, and {v;(2)}72, are (algebraic) polynomials not depending on
n and s. In particular, ug(z) = 1. Moreover, hsy(2),s = 1,2,3,...;n =
0,1,2,..., are entire functions of the complex variable z such that for every fixed
s = 1,2,3,... the sequence {n®exp|[—(2n + 1)/2|Tm z||hs n(2)}22, is uniformly
bounded on every compact subset of the complex plane.

The case s = 1 yields
Hp(2) = A exp(22/2){cos[(2n + DV2z — n /2] + hp(2)},

where

hn(2) = 20+ 1) "2 sin[(2n + 1)Y2 = nx /2] + by p(z), n=0,1,2,....

Stirling’s formula enables us to write Ay = v2(2n/€)2(14+ O(n™1)), n — co.
Thus, we obtain the representation

(22)  Hp(z) = V2(2n/e)"? exp(22/2){cos[(2n + 1)/%z — nw /2] + hn(2)},
where {hp(2)}52, are entire functions and the sequence
(2.3) {n? exp[—(2n + 1)"/2| Im 2| hn (2)}52,

is uniformly bounded on every compact subset of C.

We are going to give an independent proof of (2.2). It is based on the integral
representation

(2.4) 72 2T (n+ 1)) Hy ()

=i | T exp(— 22 cosh (VB¢ — ni/2)dC, >0,

c—00
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which follows from [Chapter I, (5.16)] and [Appendix, (4.7)].

At first we are to prove the following auxiliary proposition:

(I11.2.2) Define
(2.5) (&) = £2/2+ i€ — € log(1 + ict)
for € R, € R* =R\ {0}, and let w(0;t) = 0. Then:

() [w(& )| < (1/3)[ElLf, & ter;

(b) p = supg sen t ?w(&;1)] < 1.

Proof. Since w(¢;0) = w/(&;0) = " (£;0) = 0, Taylor’s formula with remain-
der term in an integral form yields

w(&t) = (17/2) /01(1 — 5)%W" (€&;ts) ds = it /01(1 — 5)%(1 +i€ts) 3 ds.

Hence, X
W& )] < el / (1— s)2ds = (1/3)[¢]tF,

and, thus, (a) is established.

Define f(¢) =1/24+ ¢ = 2log(1+ () for ¢ € {C\ (—o0,—1)]} \ {0} and let
f(0) = 1. Then (2.5) gives

(2.6) w(&t) =t (1 - f(i€t), & teR

Denote p(7) = Re(l — f(i7)) and ¢(7) = Im(1 — f(i7)) for 7 € R. Then
p(1) =1/2—(1/272?)1log(1+7%) and ¢(7) = 7~ ' — 7 2arctg 7 for 7 € R* = R\ {0}.

It is easy to prove that p(r) > 0 and p/(r) > 0 for 7 > 0. Since
lim; 0o p(7) = 1/2 and, moreover, p(—7) = p(7) for 7 € R, it follows that
Suprez [P(7)| = suprex p(1) = 1/2.

It islclear that ¢(7) > 0 for 7 > 0. Since (1+s?)"1—1+4s > 0 for s > 0, it follows

that/ (1+8)'—1+s)ds>0for7>0,ie.,arctgr >7—72/2 for 7 > 0. It

0

means that ¢(7) < 1/2 for 7 > 0. Further, since ¢(0) = 0, and lim; .~ g(7) = 0,
and, moreover, ¢(—7) = ¢(7) for 7 € R, it follows that sup,cg |¢(7)| < 1/2. Then
from (2.6) we obtain

w(&;t)] <12 sup |1 — f(i€t)] = t*sup |1 — f(iT)|
EtER TER

<t*(sup |p(7)| + sup [b(7)[) < t*(1/2 + sup|q(7)),

TER TER TER

and, since p < 1/2 4 sup, ¢z q(7)], (b) is verified.

68



. .for Hermite and Laguerre polynomials

By choosing ¢ = (n+1/2)Y/2 and setting ¢ = —t+i(n+1/2)/2, —c0 < t < o0,
in the integral on the right-hand side of (2.4), we obtain

Kngn(z)

= Ap(2)cos((2n +1 )1/2,2 —nn/2) + Bp(z)sin((2n + 1)1/22 —nr/2),

where
Kp =7 12"2T(n + 1)(n + 1/2) "™ /2 exp(n/2 + 1/4),
An(z) = /OO exp(—t2 + V2zt)an(t) dt,
Bn(z) = /OO exp(—t2 + V22t)by () dt,
an(t) = (1/2)(en(t) exp(wn(t)) + ¢n(—t) exp(wn(-1))),
bn(t) = (i/2)(pn(t) exp(wn(t))) — (—t) exp(wn(—t)),
on(t) = (1+i(n+1/2)"2)7V2 ter,
and
wa(t) = w((n +1/2)"Y2% 1), t eR.
Since
(2.7) /_ " exp(—t + V2et) dt = VT exp(+2/2),
we have
72 exp(—22/2) Hp(2) = cos((2n + 1)/22 — nr/2) + hi(2),
where

K (2) = exp(—22/2) cos((2n + 1)/22 — nw /2) A% (2)

+ exp(—2%/2) sin((2n + 1)1/22 —n7r/2)By(2),
Ar(z) = /OO exp(—t% 4+ V2zt)ak (t) dt
and a) (t) = an(t) — 1.
Define ¢} (t) = v (t)—1 and w} (t) = exp(wy (t))—1, then a}; ()
Pn(=t) +wy () + wp (=) + op (wy () + ¢ (—t)wy (1)) and by(t)
on(—t) + wp(t) — wy (1) + @ (t)wp () — @ (—t)wp (=1)).

1
Since ¢p(t) =1+ t/ ol (ts) ds, we have
0

ds
n+1/2)"1/2ts)3/2

8 =~ [ o
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Then (II1.2.2) and the inequality |exp ¢ — 1| < |¢|exp(|¢|) enable us to obtain
the estimates

(n+1/2)"]a;,(1)] = On(p: 1))
and
(n+1/2)'2[bn ()] = O(n(p3 ),
where n(u;t) = (1 + [¢])* exp(ut?), uniformly for ¢+ € R when n tends to infinity.

Further, as a corollary of (2.9), (2.10) and (2.7), we obtain that if n tends to
infinity, then

oo

4500 = 0+ 1y [

—0Q

(1+|t))*exp(—(1 — p)t* + V2R|t|) dt)

and

oo

[Ba(2)] = o(m e

—00

(1 + |t))*exp(—(1 — p)t* + V2R|t|) dt)

uniformly for z such that |z| < R provided R is an arbitrary fixed positive number.

A simple calculation based on Stirling’s formula gives
Kn = V21 Y2(2n/e)"2(1 + ky),
where ky, = O(n~ ') when n — oco. If we define
i (2) = kn cos((2n + D)Y22 — nw/2) + (1 + kn)h (2),

then the representation (2.2) follows and, moreover, the sequence (2.3) is uniformly
bounded on every compact subset of C.

Remark. Both sides of equality (2.7) are entire functions and, hence, it is
sufficient to verify its validity only for z = z € R. But in this case we have

/OO exp(—t2 + v/2at) dt = exp(z2/2) /OO exp(—(t — z/v/2)?) dt

—0o0 —00

= exp(z?/2) /OO exp(—t%) dt = /7 exp(z?/2).

oo

2.3 Now we are going to discuss the asymptotics of Laguerre polynomials. We
start with the following proposition:

(II1.2.3) If o € R, then the representation

(2.9) 2y/m(—2) 3 exp(—2/2) LiY(2)
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_ no‘/2_1/4exp[ 2(—z 1/2\/— {Zl k/2+l,(f7)1(z)}, n=123,...

holds for the Laguerre polynomials with parameter « in the region C\ [0,00). The
complex functions {l(a)( )}zozo and {ll(,?‘)( )}pn—1 are holomorphic in the region
C\ [0, 00), and, in part1cu1ar l ( ) = 1. Moreover, for each fixed v =1,2,3,.

the sequence {n" / zl( n}n | Is uniformly bounded on every compact subset of th1s
region.

If « € R\ Z7, then the asymptotic formula (2.9) is a particular case of Perron’s
formula [Appendix, (3.14)], of the relation [Chapter I, (5.12)] as well as of the fact
that if « € C\ 27, then

n 4+« Fn+a+1) { 1/}
- =1,2,3,...
( n ) F(OZ+1)F(H+1) a—|—1 Z'Y n +7Vnn » T y 4y 9y )

where the sequence {7%%}%‘;1 is bounded for each fixed v = 1,2,3,... [Appendix,
(1.9)].
The vahdlty of (2.9)

the relation L ( )
Exercise 8§].

—k, k=1,2,3,..., can be verified by means of

for a« =
(—2)%(n — k)l(n!)~ lLﬁllk( on=kk+ 1k 2. L

Using (2.9), we find the following representation of Laguerre polynomials in
the region C \ [0, c0)

(2.10) 27 (—2) 2 4 exp(—2/2) L\ (2)

/2 expl2(—2) 2Vl {1+ A (2)}, n=1,2,3,....
Here )\Sla)(z) = lﬁ(ﬁ(z), n=1,2,3,...,and Al* )(z) = O(n~'/2) uniformly on every
compact subset of the region C \ [0, c0).

Now we are going to prove an asymptotic formula of the kind (2.10) even in
the case when « is an arbitrary complex number.

If z€C\[0,00) and n € N are fixed, then we can extend /\%)‘)(z) as a function
of a to the whole complex plane by means of the equality

)\%a)(z) _ Qﬁ(_z)a/2+1/4nfa/2+1/4 exp[—2/2 — 2(_2)1/2\/511;%@)(2) _
Thus, roughly speaking, (2.10) becomes valid for every a € C and it remains
to study the behaviour of )\%a)(z) when n tends to infinity.
(III1.2.4) If o € C is fixed, then

(2.11) lim AfY(2) =0

n—oo
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uniformly on every compact subset of the region C \ [0, 00).

Proof. If z € C\ [0,00), then (i(—z)"/2)? = z and the integral representation
[II, (2.17)] gives for n =0,1,2,...

Vrl(a+1/2)I'(n+1)
Fn+a+1)

(2.12) exp[—(4n + 1)/2(—2) /2 LIY (2)

- /01<1 — 12)27 2 exp(2t2/2) {exp[— (4n + 1)/2(=2)Y/2(1 — 1)]
+exp[—(4n + D)YV2(=2)Y2(1 + )] + exp[— (4n + 1)V (= 2) Y2 hop (3(—2)V28) ) dt.

Remark. The above equality holds when Rea > —1/2 but further on we will
use it only for Rear > 1/2.

We define (2, t) = exp[—(4n + 1)Y/2 Re(—2)"/ 2] hap (i(—2)"/2t) provided z
e c\[0,00),t € [0,1] and n = 0,1,2, .... Since Re(—2)/2 > 0 when z € C\ [0, 50),
| Tm(i(—2)"/2t)| = Be((—z)l/zt), t > 0. Therefore, if M C C\ [0,00) is a compact
set, then limy,—o0 hp(2,t) = 0 uniformly with respect to (z,t) € M x [0, 1].

Using (2.12), we find

N I'(n+ a4+ 1)exp[(4n + 1)/2(—2)1/2 N
L )(z) = P Z KT(L,;(Z),

(2.13) = Val(a+1/2)T(n +1)

j=1

where

K (z) = / (1= 2071/ exp(+£2/2) expl—(d4n + 1)/2(=2)/2(1 - )] dt,

K (2) = / (1= 2071/ exp(a£2/2) expl—(dn + 1)Y2(—)V2(1 + 1)) de

K8 (2) = /01(1 — %) — 1/2 exp(2t2) exp|[—(4n + 1)/2(—z)1/2

+(dn + 1)/2 Re(—2)"?t)hp (2, 1) dt.

In the integral for K,(ﬁl)(z) we substitute (4n + 1)"%/2y for 1 —¢t. Thus, we
arrive to
Ti(2) = exp(—2/2)(4n + DG (2)

(4n+1)1/2
— / W2 R (u, 2) exp[—(—2)/2u] du,
0
where
R (u,z) = [2 — (4n + 1)V 22 Y2 exp{z[—(dn + 1) "2 + (4n + 1) u2/2]}.
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As a next step we shall prove that

(2.14) lim T§"(z) = 207 /2T (a4 1/2)(—2) 2/

n—oo

uniformly on every compact subset of the region C \ [0, c0).

If §,r € RT, then denote by D(4,r) the compact subset of C\ [0, 00) defined by
the inequalities Re(—z)/2 > § and |z| < r. Since each compact subset of C\ [0, c0)
is contained in some D(4,r), it is sufficient to verify (2.14) when z runs a set of
the kind D(d, 7).

If € is a positive number, then there exists A = A(e) > 1 such that

0
2Rea—1/2/ uRea—1/2 exp(—du) du < e.
A

Using the representation
o0
Ha+U%E@ﬂﬂﬂM:/§u”ﬂ%WFG@U%MMZGCWQmL
0

we can write

E?%a)(z) _ 204—1/2F(a + 1/2)(_2)—01/2—1/4 o Téa)(z)

A
- / Y2 (20712 — RYY(2,u)} expl—(—2)"/?u] du

0

(4n+1)1/2
— /A w* 2R (2 w) exp[—(—2)"*u] du

o012 /OO w2 exp[—(—2)"2u] du
A

provided n > ng(A) = [(4% —1)/4].

The inequality |R£La)(z,u)exp[—(—z)1/2u]| < 9Rea—1/2 6y (31 /2) exp(—du)
holds for u € [0, (4n + 1)%/2] and z € D(6,r). Hence, for z € D(4,r) the esti-
mate

(4n+1)1/2
‘/A uo‘_l/2R7(1a)(z, u) exp[—(—z)l/Qu] du

(4n+1)1/2
< 2Re@—1/2 0y (37 /2) / yRea—1/2 exp(—du) du
A

o0
< gRea—1/2 exp(3r/2) / yRea—1/2 exp(—ou) du < e exp(3r/2).
A

holds.
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Since limy— o0 R%a)(z,u) — 9a-1/2 uniformly when (z,u) € D(d,7) x [0, A],
there exists vy > no(A) such that the inequality [2°~1/2 — R\®(z, u)| < £ holds for
z € D(6,r),u € [0, A] and n > vy. Hence, for z € D(d,r) and n > vy,

B (2)] < €/A uRe 12 oxp(—6u) + e exp(3r/2) + ¢
0
< {T(Rea + 1/2)5 812 4 oxp(3r/2) + 11e.

As a result of the previous considerations we obtain that if z € C\ [0, c0), then
K3l (2) = K (o, 2)(4n + 1) 72741 4 50 (2),
where K (o, z) = 24712 (o + 1/2)(—2) /2" /4 exp(2/2) and
(2.15) lim &% (z) =0

uniformly on every compact subset of the region C \ [0, c0).
Further, if z € D(6,r) and n = 1,2,3,..., then we find easily that

)

(2.16) K@) (2)] < exp(r/2) exp|—(4n + 1)/26] /01(1 _ pyrea—i/z gy

For sufficiently large n the inequality |hn(z,t)| < € for z € D(8,r) and t € [0, 1]
implies the estimate

1
Ky (2)| <e / (1 — 2RO exp[—(4n + 1)"/25(1 — t)] dt.
0
Setting 1 — t = (4n + 1)~ !/2u, we obtain that

(2.17) |(4n + 1) V1K) (2)] < eexp(r/2) /  yRea-1/2 exp(—du) du
0

) and n is large enough.

provided that z € D(6,r
“(2) = {K (0, 2)} " (4n + 1)0/2AK ) (2), j = 2,3 and

Let us define k'

n,J

k(a)-(z), zeC\[0,00), n=1,2,3,....

n,J

(2.18) Y (z) =

M-

1

<
Il

Then from (2.13) we obtain that for z € C\ [0,00) and n =1,2,3,...
V2O () 2 exp(—2/2) L (2)

_Tlnta+l) —a/2—1/4 1/9 /o ~ (o
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Moreover, from (2.15), (2.16), (2.17) and (2.18) it follows that lim,—~ l}%a)(z) =0
uniformly on every compact subset of the region C \ [0, c0).

Since T'(n+a+1)/T(n+1) = n%1+ O(n')) [Appendix, (1.13)],
(4n 4 1)—04/2—1/4 — 2—04—1/2n—a/2—1/4(1 + O(n_l))
and
exp(dn + 1)V2(—2)/2 = 2(=2)V/2/n) = 1 + O(n/?)

uniformly on every compact subset of the region C\ [0, 00). Then we conclude that
the asymptotic formula (2.5) holds in this region when Rea > 1/2. Moreover,
under this condition the equality (2.6) holds uniformly on every compact subset
of the region C \ [0,00). Finally, by means of the relation [Chapter I, Exercise 6,

(a)];

(2.19) L) =L () = L' V(2), n=1,2,3,. ..

—1

we extend the validity of (2.11) for arbitrary a € C.

The asymptotics of Laguerre polynomials on the real and positive semiaxis is
given by the following proposition:

(IT1.2.5) If « € R,z € (0,00) and n = 1,2,3,... then
(2.20) Va2 exp(—2/2) LY (2)
= n®/2 V4 cos[2v/nz — ar/2 — n/4] + 08 (z)n /2

The sequence {6 (2)}92, is uniformly bounded on every segment [e,w] such
that 0 < € < w < o0 and, hence, on each compact subset of the semiaxis (0, 00).

3. Asymptotic formulas for Laguerre and Hermite
associated functions

3.1 The asymptotics of the Laguerre associated functions {M"(2)}22, when
n tends to infinity and |z| is bounded is in some sence reciprocal to that of the
Laguerre polynomials in the region C\ [0, 00). More precisely, the following propo-
sition is true:

(II1.3.1) If « € R\ Z~ then for z € C\ [0,00) and n =1,2,3,...
(3.1) /T (=2) T  exp(2/2) MY (2)

= 2 Y expl=2(—2)2V/nl{1 + i (2)}.

Moreover, the sequence of functions {n*/2%(2)}22,, holomorphic in the region

C\ [0,00), is uniformly bounded on every compact subset of this region.

75



Asymptotic formulas. Inequalities

If @« > —1, then the asymptotic formula (3.1) follows from the representation
[Chapter II, (4.6)] of the Laguerre associated functions by means of Tricomi’s de-
generate hypergeometric functions, and the asymptotic formula [Appendix, (3.16)]
for these functions.

By means of the relation nMy"(z) = (Méoil)(z))’, n =1,2,3,... [Chapter
I, Exercise 25] one can prove that if a representation of the kind (3.1) holds for
some « € R\ Z~ in the region C \ [0, 00), then the same is true for the functions
{M,(la_l) (2)}52,. The last assertion follows from the well-known fact that if a set of
complex-valued functions, holomorphic in a domain G C C, is uniformly bounded
on every compact subset of GG, then the same is true for the set of their derivatives.

Let a be an arbitrary complex number and define for
(@) _ o\ —a/2+1/4 9y, —/2+1/4 9(_5)1/2 M _1
pn - (2) = —V/m(=2) exp(z/2)n exp[2(—2)/*v/n] My (2) — 1.

for z € €\ [0,00) and n = 1,2,3,.... Thus, (3.1) holds for each a € C and each
n=1,2,3,... provided z € C\ [0,00). Moreover, we shall prove that:

(II1.3.2) If o € C is fixed, then
(3.2) i (z) = O(n~ YY)

uniformly on every compact subset of C \ [0, 00) when n — oo.

Proof. It is based on the integral representation [Chapter II, (2.18)], i.e.

o0 4N+
@/ _ t"*t% exp(—t)
My (z) = —/0 NS dt,
which holds for z € C\ [0,00) and n =0, 1,2, ... provided Rea > —1. Further we
suppose that Rea > 1.

Let K be an arbitrary compact subset of the region C\[0, c0). Then, there exists
a positive integer ng = no(K, a) such that (n+a)(—2)+(z+a—1)2/4 € C\ (—o0, 0]
for z € K and n > ngy. Moreover,

' (2) = Vinta)(=2) + (e +a— 1A+ (z+a—1)/2

is that root of the equation

for which Re 7’1(10[)(2) > 0 for z € K and n > ny. Further,

(3.4) T = (=) 4+ (2 +a—1)/24 O(n1?),
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and
(35)  oy(2) = 20\ (2) T = ()72 — (24 a - 1) /20 + O(n??)

uniformly on K when n tends to infinity.

Suppose that n > ny and denote by rfla)(z) the ray starting at the origin
and passing trough the point 7'7(10[)(,2). The function (" exp(—¢)(¢ —2) "1 is
holomorphic in the angular domain bounded by the rays [0, c0) and rﬁla)(z) and it
is continuous on its closure. Then the Cauchy integral theorem yields

(@), \ _ (" exp(—()
M= [, T

From this representation we obtain

(@) — _ o e [ exp(=m ()t)
M) = =i [ T

Then, substituting 1 +n~'/4¢ for ¢, we find that

(36) MY (2) = —E () S80(2) + R (2) ],
where
(3.7) E@(2) = n VA (2)) eXp(_Tém(z))’

1+ oy (2))m+1

nl/4
s = [ Ay

—_pl/4

o0
(3.8) R (2) = / F\ (z;n~V4%) dt,
n

1/4

and "
1 n+o _
E\(z;u) = (1+w) (Ez?( Tn (z)u)) -1 < u< .
1+ 1 +o0y () tu)rt!

Denoting

wn(a, z;u) = (n+ «)log(l +u) — ﬁga)(z)u

—(n+ Dlog(1+ (1+0f(2)) " u),
we can write
(3.9) Y (25u) = exp(wn(a, 2; u)).
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Further, since Tq(la)(Z) is a root of the equation (3.3), wy(a, 2;0) = W), (a, 2;0)

= 0 and, hence,

(3.10) wn(a, z3u) = (1/2)wi (o, 23 0)u? + wi (o, 25 u),
where
R
(3.11) wy(a, z;u) = 3/ (1 —8)2w (a, z;u8) ds.
0

We assert that if ng is large enough, then
(3.12) Re{w!” (o, z;u)} >0, —1 < u < o0,
for z € K and n > ng. Indeed,

wi (e, z3u) = 2(n + a) (1 +u)~?

(3.13) 2+ D1 +0P) 1+ (14 0\ (2) )3
=2n+a)1+u) =2+ (1 +u+ o' (z)?

=2(a—1)(1+u)?+2(n+1)(1 +u)_3{1 — (1 N ;:;zla)(z))g}.

Further, from (3.5) it follows Re(o\’(z)) > 0 for z € K and n > ng. Hence,
(14 w)(1+u+o™(2))7| < 1, and, therefore, Re{(1+u)*(1+u+0o!™ ()3} < 1.
We have

Si(2) =8 (2),

j=1
where
nl/12
sl = [ e/, 0 )
’ —_nt/12
(3.14) SE(2)
nt/12
=/ / exp((1/2)wy (v, 2 0)n~/2?) (exp(wj (a, 250/ 4) — 1) dt,
_nl 12
and

)

Sflog (2) = / F\(z; n_1/4t) dt.
n1/4§|t|§n1/12
Now we are to prove that
(3.15) FiY (z;u) = Olexp(—(—2)"/*n!/*u?2))

78



. . .for Laguerre and Hermite associated functiond

uniformly for z € K, -1 < u < 1 and n > ng. First observe that from (3.5) it
follows

(3.16) W, 2,0) = —n—a+ (n+ 1)1+ o (2) 2

= =2(=2)""n! 2 4 (2),

where n,(la)(z) = O(1) uniformly for z € K and n > ny.
Suppose that —1 < u < 0. Then (3.9), (3.10), (3.11), (3.12) and (3.13) yield

F\ (z;0) = O(exp((1/2)wn(, 2;0)u?)) = O(exp(—(—z)"?n'/2u?))
uniformly for z € K,u € (—1,0] and n > ny.
From the equality

(1+w)* Yexp(—7i™ (2)u)
(1- Uv(za)(z)(l + agla)(z))_lu(l + u) 1)l

FY(z) =

we obtain
log Fy™ (z;u) = (a — 1) log(1 +u) — 74 (2)u

+(n+ 1) log(1 — ol (2)(1 + o(2)) u(1 +w)~Y)
= (a—1)log(1+u) — T;La)(z)u + (n+ 1)0%0‘)(2)(1 + Jﬁla)(z))_lu(l +u) 4+ 0(1),
and then the asymptotic formulas (3.4) and (3.5) yield

log F?Ef‘)(z; u) = —(—z)l/gnl/gu + (—z)l/in/Qu(l +u) "t +0(1)

= —(=2)"2n 22 (1 + w) T+ O(1) = O(—(—2)"/ 0 2u? 2)
uniformly for z € K,u € [0,1) and n > ny.

Since K C C\ [0,00) is a compact set, there exists a positive § such that
Re(—z)Y/2 > § for z € K. Then from (3.15) we obtain

n14

nl/12
s =0( [, ewl-/2e))
= O(/Oj exp(—(d/2)t) dt) = O(exp(—(é/?)nl/2)>.
Further, from (3.11) and (3.13) we obtain that |w’ (c, z;n1/4t)]

and, hence, | exp(w* (a, z;n /%)) — 1| < |w* (o, 2;n~Y/4) | exp(|wk (a, 2
O(n~Y4[t|3) provided || < n*/'? and z € K. Then, (3.14) yields

O/t
) =

S (2) = o<n1/4 / ” exp(—5t)88 dt) = O(n~ ')
0
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uniformly for z € K and n > ny.
Further,

)

(3.17) S (z) =2 / - exp((1/2)w!! (cv, z; 0)n~/2¢2) dt

1/12

—2 / - exp((1/2)w (a, z; 0)n~"/22) dt.

Cauchy’s theorem enable us to replace the integration on the real and non-
negative semiaxes by the integration on the ray starting at the origin and passing
trough the point —(1/2)w!(ct, z;0)n /2 and, thus, to obtain that

2 /OO exp((1/2)w (c, 2; O)n_1/2t2) dt
0

= / e exp((1/2)w!! (cv, z; 0)n~"/2¢) dt
0

= ((1/2)w](a, 2; O)n_l/g)_l/2 /OO 12 exp(—t)dt
0

= V((=2)2 4+ 012 = V(=) A1+ O H)
uniformly for z € K when n tends to infinity.

Denoting A = sup.ex n>n, 7™ (2)|, and using (3.16), for the second integral
in (3.17) we obtain

/noo exp((1/2)w (o, 2 0)n~Y/242) dt — o(/n

1/12

oo

exp(—(6 — )\n_l/Q)tQ) dt)

1/12

- o(/noo exp(—(5 — An~Y2)t) dt) = O(exp(—(6 — An~/2)n!/%))

1/6
= O(exp(—on/%))

uniformly for z € K and n > ny.

It remains to estimate the integral (3.8). We have
(3.18) Ri(2) = ' exp(r” (2)(1 + 0 (2) Wi (2),

where

Wi (2) = / it S ML
2 (t+oy)(z))n

Since Reol)(z) > 0 for z € K and n > ny,

o0
W™ (2)| < / tRe =L exp (=4 (2)t) dt,

2
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where £ (z) = Re{TT(La)(z)}. Substituting (£/(z))~'t for ¢, we obtain

o0
(3.19) W) < € | o, T ()
n (%)
If £ > Re« is a positive integer, then integrating by parts we obtain
00 k
tRe L exp(—t) dt = exp(— 261 (2 Z cl yRea—s
§<a>(z
s=1

o
+ / tRe@=F exp(—t) dt,
2

Wiz

where C’éa), s=1,2,3,...,k, are constants not depending on n and z.

From the above equality it follows that
= () (@)
(3.20) /5(00( {Re—Loxn(—t) dt = O((fn (2))Re @ exp(— 26 (z))>
n (2

uniformly for z € K and n > ny.
Since inf,e g psn, n~ 260" (2) > 0, (3.19) and (3.20) yield that

(Wi (2)| = O(n~"/? exp(—2(—2)"/*n!/?))

uniformly for z € K and n > ny.

Since exp(Ta™ (2)) (140 (2))"*! = O(exp(2(—2)/?n1/?)) uniformly for z € K
and n > ng, from (3.18) we obtain that R{™(z) = O(n~'/%). Finally, from (3.4),
(3.5) and (3.7) it follows that

B (2) = exp(—2/2)(—2)/*n> W exp(—2(—2)Y/2/n) (1 + O(n~Y/?)),

and the validity of (3.2), under the assumption Re a > 1, follows from (3.6). Again
the relation [Chapter I, Exercise 25] enables us to verify (3.2) for arbitrary « € C.

Using [Chapter 11, (4.6)] and the representation [Appendix, (3.16)] we can state
the following proposition:

(I11.3.3). Ifa € cC\z~ andn =0,1,2,... are fixed, then
(3.21) MM () = (~1)"T(n+a+1)z""" {1+ 01}

when z tends to infinity in the region C \ [0, c0).

3.2 By means of the relations [Chapter I, (5.26),(5.27)] and the representations
(3.1), (3.2) one can easily find asymptotic formulas for the Hermite associated
functions {Gif(2)}5%,. We give here only the statements of the corresponding
propositions and leave their proofs to the reader.
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(I11.3.4): (a) The representation
(3.22) (mv/2) " exp(2*/2)G5; (2)

= (=)™ (2n/e) 2 exp(izv/2n + D){1 + kS (2)}, n=1,2,3,...

holds in the half-plane H™ : Imz > 0, where the complex functions {k}(z)}5°,
are holomorphic in H" and limy,—, k;} () = 0 uniformly on every compact subset
of HT.

(b) The representation

(mv2) " exp(2*/2)Gy (2)

(3.23) =" (2n/e) exp(—izv2n + D){1 + k;,, (2)}, n=1,2,3,. ..
holds in the region H~ : Im z < 0, where {k;, (2)}52, = {k}(Z)}52, are holomor-
phic functions in H™, and limy,— k,, () = 0 uniformly on every compact subset

of H™.
(I11.3.5). If n =0,1,2,... is fixed and z approaches infinity in C \ R, then

(3.24) GE(z) = Vanlz " H1+ 0(z7 ).

4. Inequalities for Laguerre and Hermite polynomials

4.1 Throughout this book we do not use the asymptotics of the Laguerre
polynomials on the real line. But now we shall point out the special importance
of some inequalities for these polynomials on the ray [0,00) as well as on some
(closed) subregions of the complex plane.

(II1.4.1) (a) Ifa € R\ Z7, 0 < w < 00 and n — o0, then
(4.1) L\ (z) = O(n%), a = max(a/2 —1/4,q)

uniformly with respect to z € [0, w];
(b)If1 <w < o0 and n — oo, then

(4.2) L(z) = O(exp(z/2)a— @D/ 20/2+1/6)

uniformly with respect to z € [w, 00).

The inequality (4.2) reflects the behaviour of L{™(2) as a function of n and
the real variable x when n — oo and z — co. An analogous inequality holds for
L%O‘)(z) as a function of n and the complex variable z when n — 0o and z — oo
in suitable domains of the complex plane. In order to state the corresponding
proposition we recall that for A € (0,00), by p(\) we denote the parabola with
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Inequalities for Laguerre and Hermite polynomials

Cartesian equation y*> = 4\*(z + A?). The same parabola can be described by
the equation Re(—z)/2 = A. Let us denote by A()) the interior of p(}), i.e.
A(X) = {z € C: Re(—2)/2 < A}.

(I11.4.2) If A € (0,00),p > max(1,2)*) and o € R\ Z~, then there exists a
constant A = A(\, p,«) such that for z =x + iy € A(X\,p) = AN)N{z € C: |z

>ptandn=1,23,...

(4.3) 1LY (2)] < Alz| 2740227 S exp(z + 2XV/n).

Proof. We have to prove that the sequence
AlY(z) = L/ 214y —a /141 /4 exp(—z — 22v/n) LY (2), n=1,2,3...,

defined in the region C \ (—o0, 0], is uniformly bounded on the closed set A(\, p).

If we take into account the integral representation [Chapter II, (2.13)] of the
Laguerre polynomials as well as the definition of the function B, by [Chapter II,
(2.5)], then we have

A%Oé)<2) _ (n!)—1z1/4n—a/2+1/4 exp(—2/\\/ﬁ) /OO tn+a/2Ja(2\/g) dt
0

for z € C\ (—o0,0].

Remark. The last representation holds when n+«a > —1. Further we suppose
that n +a > 1.

For z = Rexpif with —7/2 < 6 < 7/2 we denote

1/R
AN (2) = ()M A2/ eXp(—Q)\\/ﬁ)/ £ exp(—t) Jo (2V/2E) dt
0
and

A%O’g(z) = (n!)_1z1/4n_0‘/2+1/4 exp(—2Xv/n) /OO /2 eXp(—t)Ja(Z\/g) dt.
1/R

Since A%a)(z) = Agfg(z) + A%O’g(z) when z € C\ (—00,0] and n = 1,2,3,...,
we are to prove that every of the sequences {A%{(z)}%‘il and {Agf%(z)}%il is

uniformly bounded on the set A(), p).
The power series expansion of z~ /2 Ja(z) [Appendix, (2.2)] yields

tk+a/2Rk+a/2
KTk +a+1)

|[Ja(2Vzt)| < i

k=0

< CoRY*t%2 € (0,R7Y),
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where -
Co=» {kT(k+a+1)} "
k=0

Since R > p > 1 and n+ a > 1, the function t"*% exp(—t) is increasing on the
segment [0, R~!] and, hence,

1/R
/ t" ¥ exp(—t)dt < R™" * texp(—-1/R) < ™" 471,
0

Then for z € A(\, p) and n + o > 1 we obtain that
AN (2)] < Ca(nl) LR=/273/4n =020 L exp (20 /n)

< C’a(n!)_ln_a/2+1/4 exp(—2X\v/n).

Using the asymptotic formula [Appendix, (2.16)] for the Bessel functions of the
first kind, we obtain that the representation

(4.4) Jo(2) = (2/7Tz)1/2{cos(z —ar/2 —n/4)(14+£(2))

+sin(z —an/2 —w/4)(b/z + n(2))}

holds in the region C\ (—o0, 0], where b # 0 is a constant and the complex functions
&(z) and 7(2) are holomorphic in this region. More precisely, £(z) = O(z~2) and
n(z) = O(273) when z tends to infinity and |argz| < 7 — 4,6 € (0,7). Hence,
these functions are bounded on the closed set defined by the inequalities |z| > 1
and |arg z| < /4.

Suppose that z = Rexpif € A(\, p) and 1/R < t < oo. Since |0 < ¢, where
cosp =1 —2)%/R and |vtz| = VtR > 1, the inequalities

|cos(2Vtz — am/2 + 7/4)| < exp(2VER|sin(6/2)]),
|sin(2v/tz — an/2 — w/4)| < exp(2VtR|sin(6/2)]),

|sin(8/2)] < sin(p/2) = /(I - cos¢)/2 = \/VE

hold for z = Rexpif € A(\, p). Then from (4.4) it follows that |Jo(2v/%2)]
= O(R™Y4% Y*exp(2Av/1)) uniformly with respect to z € A() p) and t €
[1/R,c0). Hence,
0.}
|A§fj§(z)| = O((n!)_ln_a/2+1/4 exp(—2/\\/ﬁ)/ gnte/2—1/4 exp(—t 4+ 22\/1) dt)
0

uniformly for z € A(X, p) and n+ o > 1. Substituting ¢ = u?/2, from the integral
representation [Appendix, (4.6)] of the Weber-Hermite functions we obtain
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Inequalities for Laguerre and Hermite polynomials

_ O((an!)—ln—a/2+1/4 exp(—2\/m)T(2n + @ +3/2)D_ 14 ass /2)(—W§>).

Then, at last, the asymptotic formula [Appendix, (4.7)] as well as the Stirling
formula yield that |A§102(z)| = O(1) uniformly when z € A(\,p) and n 4 a > 1.

An inequality of the kind (4.3) holds true when « is a (nonreal) complex num-
ber. We denote by A(A) the closed region A(A) = {z € C : Re(—2)/2 < A}
provided \ € (0,00) and define A(0) = [0, c0).

(I11.4.3) For A € [0,00), k=0,1,2,... and o € C with Reaw > —k—1/2 there
exists a constant C'(a, \, k) such that

(4.5) 1L (2)] < Cla, A, k)nF TR exp(z + 2Av/n).

for z=x +iy € A(\) and n >k + 1.

Proof. Suppose that Re« > —1/2. Then the definition of the function B, by
[Chapter II, (2.5)] as well as the integral representation [Appendix, (2.14)] of the
Bessel function J,(z) imply that for z € C

2
~ il (a+1/2)

If we define K (a) = 2(/7|T(a+1/2)|) ! fol(l — ¢2)Rea—1/2 gt then from (4.6)
it follows that for z € C,

(4.6) Ba(z)

/ 1(1 — £2)271/2 cos(2ty/Z) dt.

(4.7) |Ba(2)] < K(a) exp(2]Im v/z|).

Since |Im /z| < A for z € A()), from the integral representation [Chapter II,
(2.13)] it follows that for each z = z + iy € A(\) and n = 0,1,2,... the estimate

t o0
L ()] < COI;S(TE‘? ‘i’)‘px / $HRE oy (44 20V dt.
0

holds.
Replacing ¢ by u?/2 and denoting v(n,a) = 2(n + Re« + 1), then the integral
representation [Appendix, (4.6)] gives
Const(a, \)I'(v(n,a)) expx
2n+ReaF<n + 1)

1LY (2)] < D_yna)(—2V2).

Further, the asymptotic formula [Appendix, (4.7)] and the Stirling formula
lead to the inequality
(4.8) 1LY ()| < Const(ar, \)nRe® exp(z + 2Av/n),
which is valid for z = x + iy € A(\) and n = 0,1,2,....
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From the relation (2.14) it follows that if £ =0,1,2,..., then for n > k + 1

v

k
(4.9 L) = S (-1 (’“) b)),

Using the above equality as well as (4.8) we come to an inequality of the kind
(4.5) provided z = x + iy € A(A\) and n > k + 1.

4.2 The following estimate holds for the Hermite polynomials {Hy(x)}72, as
functions of n and the real variable x:

(I11.4.4) For x e R andn =0,1,2,...,

(4.10) |Hy(2)] < exp(2?/2)(n12")'/2.

If 7 € RT, then denote by S(7) the strip {z € C: |[Imz| < 7}. Note that by
¢ = 2? the domain S(7) is mapped onto A(\). From (II1.4.2) and the relations
[Chapter I, (5.24), (5.25)] between the Laguerre and Hermite polynomials as well
as from Stirling’s formula we obtain the following assertion:

(I11.4.5) For each T € R there exists a constant B = B(7) such that

(4.11) |Hy,(2)] < B(2n/e)"? exp(a® + 7v/2n + 1)

whenever z = x + iy € S(t) andn =0,1,2,....

5. Inequalities for Laguerre and Hermite
associated functions

5.1 Suppose that p € R* and define A*(u) = €\ A(p). Evidently, A*(u) is
the exterior of the parabola p(y), i.e. A*(u) = {z € C: Re(—2)"/2 > p}.

(II1.5.1) Suppose that o € R\ Z~ and define v(a) = max{1l, —a/2 — 3/4, —«
—1}. Then there exists a positive constant M = M (u, o) with the property that

(5.1) MM (2)] < M|2|*> /4021 exp(—2pu4/n).

for z € A*(u) and n > v(«).
Proof. We use the integral representation [Chapter II, (4.7)]. Let p >

max(1,2u?) and define for z € A*(u) \ U(0; p)

_a/2 r1/|z]

and

(@) __2(_Z)a/2 /oo n+a/2 . —
My, 5(2) = T+ 1) 1/|Z|t exp(—t)Kq(2v —2t) dt.
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As a special case of the asymptotic formula [Appendix, (2.18)] we have that
Ka(z) = \/7/2zexp(—2z){1 + ka(2)} in the region C\ (—o0, 0], where the complex
function kq(z) is holomorphic in this region and, moreover, kq(z) = O(2') when
z tends to infinity. Hence, the function kq(z) is bounded on the set {C\ (—o0, 0]} N
{#z € C : |z| > 1}. Then, applying the integral representation [Appendix, (4.6)],
the asymptotic formula [Appendix, (4.7)] as well as Stirling’s formula, we find that

|M(a ()] =0 M/ootn+a/2—3/4ex (=t —2 \/z) it
C(n+1) J, p 14
['(2n 4 a + 3/2)|z|*/2~1/4
N O( ( QnF(n/+)|1)| D—(2n+a+3/2)(lﬁ\/§)>

= O(2|** 7127 exp(—2pu/))
for z € A*(u) \ U(0; p) and n > v(a).

If « € R\ Z, then from the definition of the function K, [Appendix, (2.6)] it
follows that

(5.2) 1Ko ()] = O(I¢| 1o

when (¢ tends to zero in the region C \ (—o0, 0].

If o = s is a nonnegative integer, then [Appendix, (2.7)] gives

(5.3) [Ka(Q)] = O([¢]” log [¢])

when ¢ tends to zero in the region C\ (—oo, 0]. Therefore, if & € R\ Z™, then (5.2)
yields

1/]2]
‘M(a ( )‘ _ (’z’a/2—|a|/2/ tn+a/2—|a|/2 exp(—t) dt)
0

1

af2—1/4
O(J2]/2 Y40 (1 4 1)] 249/ = 0(—|;|(n = )

:O(F(n—i- 1)[2 |n+1> B
provided z € A*(u) \ U(0;p) and n > v(a).

Since limy, oo{T(n + 1)} 'n®/2 Y4 exp(2uy/n) = 0, we get finally that
M) = O(z/27 o2 exp(—2py/m)) for = € A*(u) \ U(0;p) and
n > v(a).

Likewise, but using (5.3), we obtain that if « = s =0,1,2,..., then

1/l2|
|M(S (2)] = O(ﬁ/o t"* 5 log(1/t) exp(—t) dt)

n -+

() /01/Z|’f”1exp<"f> ) = 0( 57 1)
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= O( >4 2 7t exp(—2p/m)
provided z € A*(p) \ U(0; p) and n > v(s) = 1.

So far the validity of an inequality of the kind (5.1) is obtained for the case
when z € A*(u) \ U(0;p) and n > v(a). From the asymptotic formula (3.1)
it follows that a similar inequality holds on the compact set A*(u) N U(0; p) for
n=1,2,3,.... Thus, the inequality (5.1) is valid for z € A*(u) and n > v(«).

5.2 If 7 € R, then denote by H*(7) and H ™~ (7) the half-planes {z € C : Im z >
7} and {z € C : Imz < 7}, respectively. In particular, H"(0) = H* is the
upper and H~(0) = H~ is the lower half-plane. If 0 < 7 < oo, then we define
S*(r)=H"(1)UH (—7),ie. S*(1)={z€C:|Imz| > 1}

(I11.5.2) If 7 € RT, then for z € S*(7) and n > 1

(5.4) IGE(2)] = O((2n/e)"2 exp(—T2n + 1).

Proof. If z € S*(7), then 22 € A*(7) and from (5.1), and the relations (3.3)
and (3.4), we have that

IGE (2)] = 0(2¥"nIn "2 exp(—27vn)), n=1,2,3, ...,

|G2n+1( 2)] = O(2*"nlexp(—27v/n)), n=1,2,3,....

Using these inequalities as well as Stirling’s formula we come to the inequality
(5.4).

Exercises

1. Prove the asymptotic formulas (3.3) and (3.4).

2. Prove the representation (3.5).

3. Give a detailed proof of the inequality (5.4).

4. Suppose that 0 < 7y < co and define the entire functions

Ggl)(z; To) = G;Ln(z +im) — Gy (2 —im), n=0,1,2,...,

G5 (z:m0) = Gy (2 4 i70) + Gt (2 —im0), n=10,1,2, ...

as well as
G (z;m0) = G (2 + im0) + Gap (2 — im0), n=10,1,2,...,
G%H(z; 70) = G3i1 (2 +i19) — Gopiq (2 —img), n=0,1,2,....
Prove the validity of the following asymptotic formulas:

exp[(22 — 72)/2 4+ 10v2n + 1)GY(2)
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= 2(—i)" 1 rv/2(2n /) *{cos[(V2n + 1 — 70)2] + ¢V ()},
exp[(22 — 72)/2 4+ 10v2n + 1)GP(2)
= 2(—i)"7v2(2n/e)"*{sin[(v2n + 1 — 70)2] + g7 ()},

where {g,(lk)(z)}%’zo, k = 1,2 are entire functions such that

lim exp{|Im z|v2n + l}ggf)(z) =0, k=1,2
n—oo

uniformly on each compact subset of the strip S (7).

5. Using the asymptotic formula (2.3) prove that the sequence
{oxp[ | m 2|(2n + 1) o ()13,

where hpo(z) = A\t exp(—2%/2)Hy,(2), n = 0,1,2,..., is uniformly bounded on
every compact subset of the complex plane.

Remark. The result of 5 means that the asymptotic formula (2.1) is true also
in the case s = 0 provided that the sums involved are assumed to be zero when
s = 0.

6. Using [Chapter I, Exercise 17], prove by induction the validity of the asymp-

totic formula (2.1).

7. Prove that for p € (1,00),a, 3 € C there exists a constant P(p, «, 3) such
that for z € E(p) and n =1,2,3,...:

P @) < Ploa Bn” 2

8. Verify the validity of the integral representation (2.4) by proving that the
complex function Hy(z), n =0,1,2..., defined by the equality

272 (T (n+ 1)) Hy(2)

_ /ZCJFOO exp(—¢2/2)¢ " cosh(V22¢ — nari /2) dC,

—00
satisfies the differential equation [Chapter I, (5.8)] as well as the initial conditions
Hy(0) = Hy(0), H,,(0) = H,(0), n=10,1,2....

Comments and references

It is not an easy task to list all the authors who have given substantial contri-
butions to the asymptotics of the classical orthogonal polynomials and associated
functions.

The first asymptotic formulas for the Legendre polynomials in the region
C \ [-1,1] have been given by P.S. LAPLACE and E. HEINE [G. SZEGO,
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1,(8.21.1)],[E. HEINE, 1, voL.I, p. 174]. Its extension to Jacobi polynomials is
due to G. DARBOUX [SZEGO, 1,8.21,(2),(8.21.9)],|G. DARBOUX, 1].

Recently H.G. MEUER [1] gave an asymptotic expansion for Jacobi’s poly-
nomials in the region C \ [—1,1]. E. HAHN [1] proposed asymptotic expansion
for these polynomials in the domain C \ {(—o0, —1] U [1,00)}. Asymptotic expan-
sions for Jacobi polynomials and associated functions in the region C \ [—1, 1] are
obtained also by D. ELLIOT [1].

The asymptotic formula (1.7) for Jacobi polynomials in the case when o and
[ are arbitrary complex numbers is proved by means of Darboux’s method, i.e.
using the generating function [Chapter II, (1.10)] for these polynomials. A little
more precise asymptotic formula is given by G. SZEGO [1,(8.21.11)] provided that
a and (3 are real. As it is pointed out [G. SZEGO,1,8.4,(4)] it can be obtained also
by applying Darboux’s method. Therefore, it seems that [G. SZEGO, 1, Theorem
8.21.9] is true without any restrictions on the parameters o and /3.

In [G. SZEGO, 1, 8.71, (5)] it is mentioned that the asymptotic formula [G.
SZEGO,1,(8.71.19)] for Jacobi associated functions can be obtained by the method
of the steepest descent. Let us note that it has been already established by G.
DARBOUX [1].

The proof of the asymptotic formula (1.30) is due to I. BAICEV [1]. It fol-
lows an idea used by N. OBRECHKOFF in studying the asymptotics of the Bessel
polynomials and their associated functions [N. OBRECHKOFF, 1].

The asymptotic formula (2.1) is proved in [G. SZEGO, 1, 8.65] by means of
Liouville-Stekloff’s method when z = x is real. For the complex case it is only
mentioned that:” The proof of Theorem 8.22.7 can be given along these same lines”.

The asymptotic expansion (2.1) for the Hermite polynomials and USPENSKY’s
formula [Chapter II, (2.7)] can be used to obtain asymptotic formulas for the
Laguerre polynomials {L%a)(z)}%o:o provided a € R [G. SZEGO, 1, 8.66]. As it is
proved, a version of the asymptotic formula (2.5) (v = 1) holds even when « is an
arbitrary complex number.

The asymptotic formula (2.20) is due to L. FEJER [G. SzEGO, 1, (8.22.1)]. Its
generalization is given by O. PERRON [G. SZEGO, 1, (8.22.2)].

A proof that the sequence {u%a)(z)};l“;l in the asymptotic formula (3.1) tends
uniformly to zero on every compact subset of the region C\ [0, c0), which is based
only on the integral representation [Chapter 1,(4.3)], is given in [P. RUSEV, 23]. A
direct proof of the asymptotic formulas (3.3) and (3.4) which uses only the integral
representation [Chapter II, (4.17)] can be found in [P. RUSEV, 13].

Inequalities for Jacobi polynomials are obtained by B.C. CARLSON [1]. He
gave explicitly a sequence of positive numbers { f,(a, 3)}52,, @, 5 € C such that
ford e Candn=20,1,2,...,

1P (cos 0)] < fula, B) exp(n|Tm b)),
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and, moreover, limy,—oo{ fn(c, 8)}*/™ = 1. This result is quite general since there
are no restrictions either on the parameters «, 3, or on the complex variable 6.
Similar inequalities for the Jacobi associated functions are established by the same
author in [B.C. CARLSON, 2].

The inequality (4.1) can be found in [G. SzEGO, 1, (7.6.11)] and (4.2) is a
corollary of Theorem 8.91.1 from the same book. The inequality (4.3) as well as
its ”generalization” (4.5) in the case when « is an arbitrary complex number is
due to P. RUSEV [2].

The inequality (4.10) is proved by O. Sz Asz [1]. Its O-version has been given
by J. INDRITZ [1]. By the technique used in the proof of (4.3) we come to the
inequality (5.1) [P. RUSEV, 3].

In a recent paper [P.RUSEV, 31] it is proved that the inequality
|Hp(2)| < Kpexp(2?) cosh((2n + 1)1/2y), z=x+1y, n=0,1,2,...,
holds with

Kn = (2¢/m) /YT (2n + 1)/2(2n + 1)7"/2" 4 exp(n/2).
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Chapter IV

CONVERGENCE OF SERIES IN JACOBI, LAGUERRE
AND HERMITE SYSTEMS

1. Series in Jacobi polynomials and associated functions

1.1 A series
[ee]
(1.1) > un(2)
n=0

of complex-valued functions is called absolutely uniformly convergent on a set
o0
E C C if the series Z |un(z)| is uniformly convergent on E. Let us note that

n=
a series may be absolutely as well as uniformly convergent but not absolutely
uniformly convergent.

If the series (1.1) is majorized on E by a convergent series, i.e. if |uy(2)]
o0
<M, z€ E, n=0,1,2,..., and Z)\n < 0o (in such a case the series (1.1) is

n=0
called normally convergent on E), then it is absolutely uniformly convergent on

E. Of course, an absolutely uniformly convergent series, in general, does not need
to be normally convergent.

Let G be a subregion of C with a nonempty boundary and let the complex
functions u,(z), n = 0,1,2,... be continuous on the closure of this region and
holomorphic in G. Then the absolutely uniformly convergence of the series (1.1)
on the boundary of G implies the same property in G.

1.2 Recall that we denoted by e(r), 1 < r < oo, the image of the circle C(0;7)
by the Zhukovskii transformation z = (w+w™1)/2,i.e. e(r) ={z € C: |w(z)| =1},
where w(z) is that inverse of Zhukovskii function in the region C\ [—1, 1], for which
lw(z)| > 1.

The interior of e(r),1 <
E(c00) =C,E(1)=0, E*(r) =
=cC\[-1,1].

r < oo, was denoted by E(r). Further, we define
C\E(r), 1 <r < oo, E*(0c0)=0, and E*(1)

(IV.1.1) Suppose that a+1,3+1 and a+ (3+2 are not equal to 0, —1, -2, .. ..
(a) If the series

o0
(1.2) Z anP,(la’ﬂ) (2)
n=0
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converges at a point ( € C\ [—1, 1], then it is absolutely uniformly convergent on
every compact subset of the domain E(r) with r = |w(()].

(b) If R = max{1, (limsup,,_,. |an|"/™) "'}, then the series (1.2) is absolutely
uniformly convergent on every compact subset of the domain F(R) and diverges

in E*(R) \ {o0}.

Proof. (a) For each compact set K C E(r) there exists p € (1,r) such that
K C E(p). Therefore, it is sufficient to prove that the series (1.2) is absolutely
uniformly convergent on every ellipse e(p) with 1 < p < r. This can be established
by means of the asymptotic formula [Chapter 111, (1.9)] for the Jacobi polynomials.

Since the series (1.2) converges at the point (, there exists a positive constant
A such that |anP,(La’ﬂ)(C)| < A for each n =0,1,2,.... Moreover, having in mind

(IT1.1.3), we can assert that the sequence {p%a’ﬂ)(z)}?f:l tends uniformly to zero
on the compact set e(p) U{¢} C C\ [—1,1]. Hence, if 0 < ¢ < 1, then there exists
a positive integer v such that |p§1a’ﬁ)(g“)| < € and |p§1a’ﬁ)(z)| < ¢ for z € e(p) and

n > v. Define m(p) = max{[p®?(2)| : z € e(p)}. Then [Chapter III, (1.9)] yields

PP ()

B) (a,0)
lan P (2)] = an PP ()] |2l
| PP ()

< am(plp P QI 2 (2)"

1—¢e\r

for z € e(p) and n > v.

Since 1 < p < r, it follows that the series (1.2) is normally and, hence, abso-
lutely uniformly convergent on the ellipse e(p).

(b) Suppose that 1 < R < 00, i.e. 0 < 1/R = A = limsup,,_,« |an|"/" < 1.
Let K be a compact subset of F(R) and r € (1, R) be chosen such that K C E(r).
Then from [Chapter III, (1.9)] it follows that limsup,,_, ]anP,(La’ﬁ) (P = Ar
< 1, i.e. the series (1.2) is (absolutely) convergent at the point r and, hence, by
(a) it is absolutely uniformly convergent on K.

From [Chapter III, (1.9)] we obtain that

lim sup |an PA7 (2)[V7 = Mw(2)| = R Yw(2)| > 1
n—oo
at each point of the set E*(R) \ {o0} = {z € C: |w(z)| > R}, i.e. the series (1.2)
diverges in this set.

In the case R = o0, i.e. A = 0, we have limsup,,_, |anP7(,a’6)(z)|1/n = 0 at
each point of the region z € C\ [—1, 1] and, hence, the series (1.2) converges in this
region. Again (a) yields that the series (1.2) is absolutely uniformly convergent on
every compact subset of the complex plane.

Let R=1,ie. A=1. If ze C\ [-1,1], then

limsup |an 27 ()7 = |w(z)] > 1.

n—oo
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Hence, in this case the series (1.2) is divergent in the region E*(1).
1.3 A property like (IV.1.1) holds also for series in Jacobi associated functions:

(IV.1.2) Suppose that a+1, 3+1 and a+ (3+2 are not equal to 0, —1, -2, .. ..
(a) If the series

(1.3) anQW

converges at a point ( € C\ [—1, 1], then it is absolutely uniformly convergent on
every closed subset of the region E*(r) with r = |w({)|-

(b) If R = max{1,limsup,_,. |bn|"/"}, then the series (1.3) is absolutely
uniformly convergent on every closed subset of E*(R) and diverges in E(R)\[—1, 1].

The proof is similar to that of the previous proposition, and it is based on the
asymptotic formula [Chapter III, (1.30)]. We leave it to the reader as an exercise.

2. Series in Laguerre polynomials and associated functions

2.1 Recall that we denoted by A()\), 0 < A < oo, the interior of the parabola
p(\) = {z € C : Re(—2)"/2 = A}, and by A*()) its exterior. Now we define
A(0)=0, A(o0) =C,A*(0) =C\ [0,00) and A*(c0)=0.

(IV.2.1) Let « be an arbitrary complex number.

(a) If the series

(2.) S L)

converges at a point ¢ € C\ [0,00), then it is absolutely uniformly convergent on
every compact subset of the region A(c) with o = Re(—()'/?;

(b) If Ay = max{0, —limsup,,_,+,(2v/n) 'log|ay|}, then the series (2.1) is
absolutely uniformly convergent on every compact subset of the region A()\y) and
diverges in A*(\g).

Proof. (a) Suppose that K is a compact subset of A(c) and define
A= max{Re(—z)l/2 1z € K}

It is evident that if K is nonempty, then 0 < A\ < 0. We choose the nonnegative
integer k such that k + Rea > —1/2. From (II1.2.3) it follows that if 0 <n < 1,
then there exists a positive integer v such that the inequality \)\%a)(C )| < 7 holds
for z € K and n > v.

Denote M = sup,,cy, |anL§za)(§)| and

m(a, ¢) = (2v/m) TH(=¢) "> Y exp(¢/2)].
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If r = max{Rez : z € K}, then the asymptotic formula [Chapter III, (2.5)]
and the inequality [Chapter III, (4.5)] yield

L(a z
1L (2)] = |anL |\

L(a) C

MC(a, A\, k) expT 1ine(a/2)+1/a
< e a=m " (@/241/4 exp{—2(0 — A\)v/n}
provided z € K and n > v.
From the above inequality it follows that the series (2.1) is absolutely uniformly
convergent on the compact set K.

(b) Suppose that 0 < Ay < oo and that K is a compact subset of A()g). We
choose 0 € (0,)9/2) such that K C A(\g — 26). Then from (II1.2.3) and from
the definition of A\ it follows that

— limsup(2v/n) "' log lan L {— (Ao — 26)%}| = 20.

n—oo
From the last equality it follows that there exists a positive integer v such that
the inequality |L\®{—(X\o — 26)2}| < exp(—8y/n) holds for n > v, i.e. the series
(2.1) converges at the point —(\g — 26)%. Therefore, it is absolutely uniformly
convergent on every compact subset of A(Ag — 2J) and, in particular, on K.
If z € A*(\g), i.e Re(—2)"/2 > X, then the definition of Ao and the asymptotic
formula [Chapter 111, (2.6)] yield that

lim sup(2v/n) ! log |an LY (2)| = Re(—2)/% —

n—oo

and, hence, the series (2.1) diverges at the point z.

Suppose that Ay = oo and let ( € C \ [0,00) be arbitrary. Then
—lim supn_,oo(2\/ﬁ)_1log|anL§la)(§)| = 00, i.e. the series (2.1) converges at the
point ¢ and, hence, on each compact subset of C.

Suppose that A\g = 0, i.e. limsup,, o, (2v/n) *log |ay| > 0. Then

lim sup(2v/7n) " log |an L\ (2)| > Re(—2)Y2 > 0

n—oo
for z € C\ [0,00), i.e. the series (2.1) diverges in the region C \ [0, c0).
(IV.2.2) Suppose that « € C\ Zz~ and

(2.2) 0 < Ao = — limsup(2y/n) " log |ay| < co.

n—o0

If0 < XA < Ao and p > max(1,2)?), then the series

(2.3) Z an 2 exp(—2) LY (2)
n=1
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is absolutely uniformly convergent on the closed set A(X\,p) = AN N{z € C :
2| > p} where A(X) = {z € C: Re(—2)"/2 < A}
Proof. If Ay < oo, then we choose 7 € (0,9 — A). Suppose that 7 is an

arbitrary positive number when A\g = co. Then from (2.2) it follows that |ay|

= O{exp(—(2A+7)+y/n)} when n tends to infinity. Further, the inequality [Chapter
I11, (4.3)] gives that

a2 exp(—2) LY (2)] = O{n®/* Y exp(—7v/n)}, n — oo,

for z € A(), p), i.e. the series (2.3) is majorized on A()\, p) by the series
0

(2.4) Zno‘/%l/‘l exp(—7v/n) < co.
n=1

2.2 Now we are going to consider the convergence of series in Laguerre associ-
ated functions.

(IV.2.3) Suppose that « € R\ Z™.
(a) If the series

(2.5) i b M™ (2)

is convergent at a point ( € C\ [0,00), then it is absolutely uniformly convergent
on every compact subset of the region A*(c), where o = Re(—()Y/2.

(b) If o = max{0, limsup,,_,~(2v/n) 'log |by|}, then the series (2.5) is ab-
solutely uniformly convergent on every compact subset of the region A*(ug) and
diverges in the region A(u) \ [0, 00)).

This proposition follows from the asymptotic formula [Chapter III, (31)]. A
more detailed study of the mode of convergence of the series (2.5) is based on the
integral representation [Chapter I, (4.10)].

(IV.24) If « € R\ Z7,0 < pp < 00 and limsup,,_,(2y/n) *log|bn| < o,
then for T € R the series (2.5) is absolutely uniformly convergent on the closed
half-plane H (jo;7) = {z € C: Rez < —(uo + 7)2}.

Proof. There exists a positive constant B = B(7) such that
lbn| < Bexp((2uo 4+ 7)v/n), n=0,1,2,....

Let 2 = x + iy € H(up;7) and n + a > —1. Then from [Chapter I, (4.10)],
[Chapter I, Exercise. 26] and [Chapter III, (3.1)] it follows that

MT(La)Z -
| <>|s/0 1

tn—i—a

_ 00
eXp( t) - dt < / hta exp(—t)(t _ x)n—&—l dt
t—x)2+y2)(”+ )/2 0
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o0 ¥ exp(—t) (@)
< dt = — My (—(po + 7)*
- /0 (t + (po + 7))+ n (=(mo +7)%)
< Mn®2 V4 exp(—2(po + 7)v/n),

where M is a positive constant not depending on n. Thus, we obtain that
b MY (2)] < BMn®/> /4 exp(—1v/n) for z € H(puo;7) and n+ a > —1, and
the assertion follows from (2.4).

(IV.2.5) Ifa € C\Z, then
(2.6) MY (2) = MOV (2) — MY (2).

for z € C\ [0,00) and n > 1.

Proof. If « is not an integer, then (2.6) follows from [Chapter I, (4.10)], the
property of orthogonality of the Laguerre polynomials [Chapter I, (3.13)], and the
relation [Chapter I, Exercise 5, (a)]. Indeed,

MOy = / (=) exp(—C)LLP(¢) d¢
PN

27 sin

dg

2¢ sin am (—z

_ 1 / (=0 exp(=O) L ()
PN

1 (—0)® exp(—C) Ly (C)
/p(>\)

¢

T 2sin(a+ D7 C—=z
T _/ (=0 exp(=0) L, (€)
2isin(a + 1) Sy (—=z

If a = k is a nonnegative integer, then (2.6) is a corollary of the integral
representation [Chapter I, (4.10)].

As an application of (IV.2.5) we obtain the following proposition:

d¢ = M (2) = MV (2).

(IV.2.6) If « € R\ 27,0 < o < 00, and limsup,,_,~,(2v/n) ' log |by| < o,
then for > 0 and k = 0,1,2,... the series

o

(2.7) Z bnzk“Méa)(z)
n=k+1

is absolutely uniformly convergent on the half-plane H (uo;T).
Proof. From (IV.2.4), and relation (2.6) it follows that the series

@)
anzMT(La)(z) is absolutely uniformly convergent on H (po; 7). Since zk“M?ga)(z)
n=1
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= széO‘H)(z) — sznOfgl) (z), we can proceed further by induction with respect
to k.

By means of the inequality [Chapter III, (5.1)] we can prove another assertion
for the uniform convergence of series of the kind (2.5):

IV.2.7) Suppose that « € R\ Z~,0 < py < oo and
( 7

lim sup(2y/n) ™" log [bn| < po.

n—oo

If « > 1/2, then the series

(0.¢]

(2.8) an(_z)—a/2—1/4MT(La)(Z)

n=0

is absolutely uniformly convergent on every closed domain A*(u) with p

€ (po,00). If « < 1/2, then the same is true even for the series (2.5).

3. Series in Hermite polynomials and associated functions

3.1 Results similar to those for Laguerre polynomials holds for Hermite series,
i.e. for series of the kind

(3.1) Z anHy(2)
and
32) S bGE ()

They can be proved by means of the asymptotic formulas and inequalities for the
Hermite systems. Another way is to use the relations between the Laguerre and
Hermite systems of polynomials and associated functions.

Recall that if 0 < 7 < oo, then we introduced the denotations S(7) = {z € C:
|Im z| < 7} [Chapter III, 4.2] and S*(7) = {z € C : |Imz| > 7}, [Chapter III,
5.2]. We assume S(0)=0, S(o0) = C, S*(0) = C\ R and S*(c0)=0. Then:

(IV.3.1) (a) If the series (3.1) converges at a point ( € C \ R, then it is
absolutely uniformly convergent on every compact subset of the region S(1) with
7= |Im(|.

(b) If 7o = max{0, — limsup,,_,~ (2n+1)"Y2log |(2n/e)™ 2ay|}, then the series
(3.1) is absolutely uniformly convergent on every compact subset of S(rmy) and
diverges in S*(7p).
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(IV.3.2) If 0 < 79 < 00 and — limsup,,_o(2n + 1)"/21log|(2n/e)" 2a,| > 70,
then the series

(3.3) > " anexp(—z°)Hy(2)

n=0

is absolutely uniformly convergent on every closed strip S(7) = {z € C : |Im 2|
<7} with T € [0, 7).

(IV.3.3) (a) If the series (3.2) converges at a point ( € C \ R, then it is
absolutely uniformly convergent on every closed set S*(7) with T > |Im(]|.

(b) If 7y = max{0, limsup,,_, . (2n + 1) "' log|(2n/e)™/2by|}, then for T
€ (19, 00) the series (3.2) is absolutely uniformly convergent on the closed set S*(T)
and diverges in S(1p) \ R.

3.2 The Jacobi series, i.e. the series of the kind (1.1) and (1.2) are much more
like to the power series centered at points of the extended complex plane. That
is why it is not surprising that their regions of convergence coincide with their
regions of absolute convergence. As for Laguerre and Hermite series is concerned,
it seems that ”asymptotically” they are related to series of the kind

(3.4) > " anexp(£AnQ),

n=0

where {\,}52, is an increasing sequence of real and positive numbers. It is well-
known that if limy,—cc A, ! logn = 0, then the region of absolute convergence of the
series (3.4) coincides with its region of convergence. This property makes clearer
the fact that the same holds for the Laguerre and Hermite series. Of course, this
analogy does not go too far. Indeed, there are properties which are typical for the
Laguerre and Hermite series only. For instance, an assertion like (IV.2.7) is not
true, in general, for series of the kind (3.4).

4. Theorems of Abelian type

4.1 Suppose that ¢ € C*, i.e. ( is a non-zero complex number. If 0 < 6§ < 7/2
and 0 < p < 2|(| cos @, then denote by M((, p, ) the set defined by the inequalities
0<|¢—2 <p,and |arg(l —('2)| < 0. A classical property of the power series,
usually called (second) Abel’s theorem, is the following proposition:

(IV.4.1) If the power series

o0
(4.1) Z anz"
n—=0o

converges at a point ( € C*, then it is uniformly convergent on each set of the kind

M(C, p,0).
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The crucial point of the proof of the above proposition is the fact that the ratio
IC — z|(|¢| = |2]) 7! is bounded on every set of the kind M ((, p,0), i.e. there exists
a constant K = K((, p, ) such that | — z| < K(|¢| — |z]) for z € M((, p, 0).

Suppose that the power series (4.1) has a finite and non-zero radius of con-
vergence R, and let F' be the holomorphic function defined by this series in
its domain of convergence. Suppose that the power series (4.1) converges at
a point ¢ € C(0;R). Then from (IV.41) it follows that for § € [0,7/2) and
p € (0,2Rcosb),

(4.2), F(z) = F(Q),

lim
2—(,2€M(C,p,0)

i.e. the restriction of the function F' to every set of the kind M (¢, p, #) is continuous
at the point (.

4.2 Now we are going to show that properties similar to (IV.4.1) hold also
for Laguerre and Hermite series. In order to state them, we need some additional
notations. If zy = xy + iy is a point of the region C \ [0,00) and if, in addition,
Yo > 0, then we define §, € (0,7/2) by the equality tandy = 2\ogy, ', where
Ao = Re(—2)/2. If 0 < 0 < 7/2 and 0 < d < dy =dist(z0, [0,00)), then denote by
D(zp,d, 0) the set defined by the inequalities 0 < |z — zp| < d, and |arg(zy — 2)

If yo < 0, then denote by D(zy,d, #) the image of D(Zy,d, ) by the map z ——
z. If 20 = =A% < 0, then we define D(—A3,d,60) by means of the inequalities
0 <M+ 2z <d< A2, and |arg(\2 + 2)| < 6.

It is clear that for zp € C\ [0,00),0 < d < dp and 0 < 0 < 7/2, D(zp,d,0) is a
subset of the region A(\g) \ [0, 00).

If Imwy < 0,0 < p < 7w/2 and 0 < n < Imwy, then let S(wy,n, ) be the
set defined by the inequalities n < Imw < Imw, and |arg(wy — w) — 7/2| < ¢.
Obviously, S(wg, 1, ¢) is a subset of the strip I(wy) = {w € C: 0 < Imw < Imwy}.

The image of the region C \ [0,00) by the map h : w = i(—z)"/2 is the upper
half-plane. More precisely, the strip I(wp) with wy = i(—z)"/? corresponds to the
region A(\g) \ [0, 00). Since this map is univalent, it is conformal. Having in mind
the last property as well as that if wy with Im wy > 0 is fixed, then the union of the
sets S(wg,n, @), with 0 < n < Imwy and 0 < ¢ < 7/2, is the whole strip I(wy),
we conclude that if zp € C\ [0,00),0 < d < dy, and 0 < 0 < 7/2, then there exist
0 <n<Imwyand 0 < ¢ > 7/2 such that the image of the set D(z,d,8) by the
map h is contained in S(wg,n, ).

(IV.4.2) (a) If Imwy > 0,1 € (0,Imwy) and ¢ € [0,7/2), then for every w
€ S(w07 n, 90)7
(4.3) w — wo| < (cos ) Im(w — wp)|.

100



Theorems of Abelian type

(b) If zp € €\ [0,00),d € (0,dy) and 6 € [0,7/2), then there exists a constant
K such that for z € D(zy,d,0),

(4.4) |20 — 2| < K Re{(—2)"2 = (—2)"/?}.

Proof. The inequality (4.3) follows directly from the definition of the set
S(wo, n, @) or, more precisely, from the requirement | arg(wy — w) — 7/2] < .

Suppose that 1 and ¢ are chosen such that the set S(wg,n, ) to contain the
image of D(z,d,6) by the map h : w = i(—z)"/2. Then (4.3) yields that
|20 — 2| = |wg — w?| = |(wo — w)(wo + w)]
< (cos @) "o+ w| Re{(~20)'/* — (=2)'/?}

1

for every z € D(zo,d,0), and if we define K = (cosp) ' max{|wy + w| : w €

S(wo,n,¢)}, then (4.4) follows.

(IV.4.3) Suppose that « is an arbitrary complex number. If the series (2.1) is
convergent at the point zy € C\ [0,00), then it is uniformly convergent on every
set of the kind D(zy,d, ).

14
Proof. Define s,(z) = ZanL%a)(z), v = 0,1,2,.... Then there exists
n=0

From the asymptotic formula [Chapter III, (2.6)] it follows that there exists

a positive integer 1 such that L,(/a)(zo) # 0 for v > vy. For such v we have

(p=1,2,3,...)

IR 4 1C)
sv+p(2) — su(z) = —(sv(20) )LZ(/C:-)l(ZO)

v e L) L'y (2)

(4.5) +n;1(sn(z0) - s){ 7 ) - L%Ofgl(zo) } + (sv4p(20) — 5) ,(/Ci)p(zo).

By means of the asymptotic formula [Chapter III, (2.6)] we easily prove that the

0.}
series Z {L%Oé) (zo)}_lL%a)(z) is absolutely convergent in the region A(\g)\ [0, o0),
n=>ry
where Ao = Re(—2y)!/2. Therefore, we can define the function L(®(z;z) in this
region by the equality

L= 3 [ 0 Lamle)|
n—vy Lm (20)  Lp{1(20)
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Substituting o — 1 for «, and n + 1 for n in the relation [Chapter 111, (2.10)],
then from the asymptotic formula [Chapter III,(2.6)] we obtain that for n > vy it
holds

Li'(z)  Lui(2) _ Li'(z)  Lini (%) Lnia’(2)

LM (z) L) L (z0) L(z0) L (20)
— n 2 exp{—2((—20)"/* — (=2)2) VY (20 2),

where {lﬁla)(zo; z) }ney, 18 a sequence of complex-valued functions which are holo-
morphic in the region C \ [0,00). Moreover, this sequence is uniformly bounded
on each compact subset of this region. Since l,(la)(zo;zo) = 0 for n > 1y, from
Schwarz’s lemma we obtain that the sequence {(z — o)™ '{™)(z0: 2) by, is uni-

formly bounded on every closed disk U(zg;d), where 0 < d < dy. Then, (4.4)
yields

L®(z0:2) = O(l20 = 2| D n™ 2 exp{=2Re((—20)"/% = (=2)"/*)n}

n=u,

= 0(Jz0 ~ 2| /OOO“/  exp{~2Re((~20)"/? = (=2)"/*)Vi} dt

= (|20 — 2[{Re((=2)"/? = (=2)"/%) ™) = O(1)
for z € D(zy,d, ), i.e. the function LY (z;z) is bounded on each set D(z,d,6).
Further, from [III, (2.6)] it follows that the sequence {L%“(z) / Lq(la)(zo)}%iyo is
also uniformly bounded on each set D(z,d, ). Then (4.5) yields that |s,p(2)
—su(2)| = O(|su(z0) — s|) provided z € D)z, d,0), v > vy, p=1,2,3,... and,
hence, the sequence {s,(z)}7°, is uniformly convergent on the set D(zy,d,0).

Denote by D*(zg, d, 0) the set which is symmetric to D(zg, d, 8) with respect to
the tangent of the parabola p(Ag), Ao = Re(—29)"/2 at the point z. Then:

(IV.4.4) If « € R\ Z™ and the series (2.5) is convergent at the point z

€ C\ [0,00), then it is uniformly convergent on every set D*(zy,d,0).

4.3 Propositions like (IV.4.3) hold also for series in Hermite polynomials as
well as in Hermite associated functions. In order to state them, we need to define
a set of the kind S(wg,n,¢) as the image of the set S(wg,n,p) by the mapping
w — w provided Imwy < 0. If wy € C\ R, then we define S*(wy,n, ) as the set
which is symmetric to S(wg,n, ¢) with respect to the line w € C : Imw = Im wy.
Then the following assertions are true:

(IV.4.5) If the series (3.1) is convergent at a point wy € C \ R, then it is
uniformly convergent on every set S(wg, 1, ®).

(IV.4.6) If the series (3.2) is convergent at a point wy € C \ R then, it is
uniformly convergent on every set S™*(wg, 1, ¥).
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5. Uniqueness of the representations by series in Jacobi, Laguerre
and Hermite polynomials and associated functions

5.1 Let £ be an infinite dimensional topological vector space over C and let
X = {z,}52, be a denumerable systems of elements of £. For an element = € £
it is said that it is representable by the system X or, more precisely, by a series

in this system, if there exists a sequence of complex numbers {ay}72, such that
14

limy 00 E anxn = . In such a case we write

n=0

o0
n=0

and call the numbers {a;,}5°, coefficients of the series in (5.1).

Evidently, the set X of all elements of £ which are representable by the system
X is a C-vector subspace of £. Let us note that, in general, X’ is not closed in £.

For the system X it is said that it has the uniqueness property if the zero
element of £ has unique representation by this system. It is clear that if X has
the uniqueness property, then every element of X has unique representation by the
system X, i.e. it is a basis of the space X as a C-vector subspace of £. Indeed, as it
is easy to see, every system having the uniqueness property is linearly independent.

5.2 It is a common trait of the orthogonal systems to have, in general, the
uniqueness property. We are going to confirm this for the classical orthogonal
polynomials by considering them as denumerable subsystems of appropriate spaces
of holomorphic functions.

(IV.5.1) Suppose that a+1,8+1 and a+ 3+ 2 are not equal to 0,—1,—2,. ..
and that 1 < R < oco. If a complex function f has a representation by a pointwise

convergent series in the Jacobi polynomials {PT(LO[’B )(2)}62, in the region E(R), i.e

(5.2) F(2) =" anP7(2), 2 € E(R),

then f is holomorphic in E(R) and, moreover, for every r € (0, R),

1
63 an=— [ e sR @) e =012,
2mily e(r)
In particular, if f =0, then a, = 0 forn =0,1,2,..., i.e. under the assumption

that o+ 1,8+ 1, + B + 2 are not equal to 0, —1,—2,... the system of Jacobi’s
polynomials with parameters o and 3 has the uniqueness property in each space
of the kind H(E(R)),1 < R < oc.
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Proof. Since the series on the right-hand side of (5.2) is convergent in the
region E(R), from (IV.1.1) it follows that it is (absolutely) uniformly convergent
on every compact subset of F(R), i.e. by Weierstrass’ theorem the function f is
holomorphic in E(R).

For every z € E(R) and n =0,1,2,... we have

(5.4) pla, B: 2) PP (2) f(2) = Y (e, B 2) PP (2) PP ().
k=0

It is clear that the series in the right-hand side of (5.4) is uniformly convergent
on every compact subset of E(R) and, hence, on every ellipse e(r) such that
1 < r < R. Integrating the equality (5.4) along e(r) and taking into account the
orthogonality of the Jacobi polynomials [Chapter I, (3.4),y = e(r)], we obtain the
coefficient representations (5.3).

Remark. If Rea > —1 and Re 8 > —1, then

1
(5.5) an = ﬁ/ (1-6)*1+ )PP W) ft)dt, n=0,1,2,....
n’ -1

(IV.5.2) Suppose that 0 < Ao < 0o and o > —1. If a complex function f has
a representation as a pointwise convergent series in the Laguerre polynomials with
parameter « in the region A(\), i.e.

(5.6) F(2) =" anLiV(2), z € A(Xo),

then f is holomorphic in A()\y) and for n =0,1,2,...,

% /0 T exp(—t) L () f(¢) dt.

(5.7) ap =

Proof. Since the series on the right-hand side of (5.6) converges pointwise
in the region A()g), then due to (IV.2.1) it is uniformly convergent on every
compact subset of this region and, hence, the function f is holomorphic there.
Again (IV.2.1) yields the inequality — limsup,,_,~.(2v/n) " 'log|an| > Ao, which
implies |ap| = O{exp(—2A)y/n} for A € (0, ). Further, if 1 < w < oo is fixed,
then the inequality [Chapter III, (4.2)] gives

lagt® exp(—t) L\ (1) = O{k/ /0022712 exp(—1/2 — 20Vk) }
uniformly with respect to ¢t € [w,00) and k = 1,2,3,.... Then, having in mind

o0
[Chapter III, (4.1)], we can assert that the series Zakto‘ exp(—t)L}ga)(t)L,(fLa) (t)
k=0
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Uniqueness of representations. . .

may be integrated termwise on the interval (0,00). Since t* exp(—t)L%a) (t)f(t) is
its sum for ¢ € (0,00), the representations (5.7) follow from the orthogonality of
the Laguerre polynomials [Chapter I, (3.7)].

(IV.5.3) Let 0 < A\g < o0 and o € R\ Z~. If the series (2.1) is pointwise
convergent in A(Xg), and if its sum is identically zero there, then a, = 0 for
n=0,1,2,..., i.e. the system of Laguerre polynomials with parameter & € R\ Z~
has the uniqueness property in the space H(A(\g)).

Proof. Due to (IV.2.1) the series (2.1) is uniformly convergent on every com-
pact subset of the domain A()g). By the Weierstrass theorem it can be termwise
differentiated and, moreover, all the derivatives of its sum are identically zero in
this domain. Then from the relation [Chapter I, Exercise 7], i.e.

(5.8) (L)Y = -1y (2), n=1,2,3,...,

we can assert that if the assertion holds for the series (2.1), then it remains true

o0
also for the series Z anL%a_l)(z). That means we need to prove the proposition

n=0
under consideration only for @ > —1. But in this case it follows at once from

(IV.5.2).
An immediate consequence of (IV.5.3) is the following assertion:

(IV.5.4) Suppose that 0 < Ay < 0o, € R\Z™ and that f is a complex function
defined in the region A()g). Suppose that for each A € (0, \o) the function f can
be represented in the region A(\) by a pointwise convergent series in the Laguerre
polynomials with parameter «, i.e

(.9]

(5.9) 1@ =3 anVL(2), 2 € A,

n=0

Then f is holomorphic in A()\y), the coefficients ap(A), n =0,1,2,... do not
depend on A, ie ap(\) = ap, n = 0,1,2,..., and the expansion (5.9) holds in
A(Ng)-

A proposition like (IV.5.2) holds also for the series representations by Hermite
polynomials:

(IV.5.5) If a complex-valued function f is representable in the strip S(7p),

0 < 19 < o0, by a pointwise convergent series in Hermite polynomials, i.e.

(5.10) f(z) = anHu(2), 2 € S(m),
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Convergence of series in Jacobi, Laguerre and Hermite sysytems

then f is holomorphic in S(7y) and, moreover,

1 (0.9]

(5.11) an exp(—t*)Hy(t)f(t)dt, n=0,1,2,....

) o

It follows from (IV.3.1), and the inequality [Chapter III,(4.5)]. We leave its
proof as an exercise to the reader. As its application we obtain:

(IV.5.6) The system of Hermite polynomials has the uniqueness property in
an arbitrary space of the kind H(S(7)),0 < 7o < 0.

5.4 As we have just seen, the orthogonality play the essential role in the proofs
of the uniqueness of the expansions in the systems of Jacobi, Laguerre and Her-
mite polynomials. Now we are going to show that the uniqueness of the repre-
sentations by the systems of Jacobi, Laguerre and Hermite associated functions is
a consequence of their ”asymptotic” properties only. We start with the following
proposition:

IV.5.7) If a+ 1,6+ 1 and o + @ + 2 differ from 0,—1,—2,..., then for
z € (C\ [_17 1]7

(5:12) Qi) = 3 - QD) + Q) m= 123,

2 n—1

Proof. We define the open set €2 in the space of the complex variables o and
[ by the requirement v+ 1, 8+ 1 and a+ 3+ 2 to be distinct from 0, -1, —2,....
Obviously, the set € is open and since it is connected, it is a region in C2.

If zec\[-1,1] and n =1,2,3,... are fixed, then ¢(«, 3; z) and Péa’ﬂ)(z) are
holomorphic in € as function of & and . Then from [I, (4.1)] it follows that the
same holds for Q%a’ﬂ )(z) as a function of a and 3.

If Rea > —1 and Re 3 > —1, then (5.12) follows from the integral representa-
tion [Chapter I, (4.4)]. For other "values” of (a, 3) € Q the assertion follows from
the identity theorem for holomorphic functions of several complex variables.

(IV.5.8) Suppose that a+1,3+1 and a+ 3+2 are not equal to 0, —1,—2,....
Ifn=0,1,2,... is fixed, then

B (a4 D)D(n+ B+ 1)

(5.13) Q%aﬁ)(@ r2n+a+p+2)

I+ 0>z}

when z — oo in the region C \ [—1, 1].

Proof. If Rea > —1 and Ref8 > —1, then (5.13) follows from [Chapter I,
(4.4)]. For other (a, 3) € Q the validity of the asymptotic formula (5.13) can be
proved by means of relation (5.12).
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Uniqueness of representations. . .

(IV.5.9) Suppose that a+1, 3+ 1 and o+ 3+ 2 are not equal to 0, —1, -2, ...
and that 1 < R < oo. If the complex function f has the representation

(5.14) F(2) =3 0aQi P (2), = € EX(R),

then it is holomorphic in E*(R). Moreover,

20+0H D (o + 1)T(6 + 1)

(5.15) Tlat7+2) by = zlglolo z2f(2)
and
(5.16) kB (E 4 o+ DT (k4 6+ 1)

T(k+a+8+2)

_ 21520 Zk+1{ Z an(aﬂ }

fork =1,2,3,.... In particular, if f =0, then b, =0fork=0,1,2,...,ie under
the condition that o + 1,06+ 1 and o + (8 + 2 are not equal to 0,—1,—2,... the

system of Jacobi associated functions {Q%a’ﬁ )(z)}%ozo has the uniqueness property
in every space of the kind H(E*(R)),1 < R < .

5.5 The above assertion, or more precisely, the representations (5.15) and (5.16)
show that the series in Jacobi associated functions have a property similar to that
of the asymptotic expansions in the "neighbourhood” of the point at infinity. Now
we are to see that a similar property holds for series in Laguerre and Hermite
associated functions too.

(IV.5.10) Suppose that 0 < py < oo and o € R\ Z~. If a complex-valued
function f has the representation

(5.17) F(2) =" baMyV(2), 2 € A (o),

then it is holomorphic in A*(ug). Moreover, for T € R,

(5.18) IMNa+1)bp = lim z2f(z)
z€H (puo;7),2—00

and

(5.19) (—=D*D(k + a4 1)by,

~  lim zk+1{ j{:bn } k=1,2,3,....

2€H (Ju0iT), 20

107



Convergence of series in Jacobi, Laguerre and Hermite sysytems

In particular, if f = 0, then b, = 0 for k = 0,1,2,..., ie. if « is
real and not equal to —1,—2,—3,..., then the system of Laguerre associated
functions {nga)(z) 2 has the uniqueness property in every space of the kind

H(A* (o)), 0 < py < o0.

Proof. The fact that f is holomorphic in A*(y) is a consequence of
(IV.2.3). The representations (5.18) and (5.19) follow immediately from propo-
sition (IV.2.7) and the asymptotic formula [Chapter III, (3.2)].

(IV.5.11) If a complex-valued function f has the representation

(5.20) f(z) =) Gy (2), 2 € §*(7),0 < 7 < o0,

n=0

then it is holomorphic in S*(7y). Moreover, for every T € (1g, 00),

(5.21) Vo = lim 2f(2)

z€S5*(T),2—00

and

k—1
(5.22)  aby= _ lim zk+1{f(z) - anGﬁ(z)}, k=1,2,3,....
n=0

2€8*(T),z2—00

In particular, if f = 0, then b, = 0 for k = 0,1,2,..., i.e. the systems of
Hermite associated functions has the uniqueness property in every space of the
kind H(S*(19)),0 < 19 < 0.

Proof. The holomorphy of f follows from (IV.3.3). In order to obtain
the representations (5.21) and (5.22), we have to prove that a series of the
(0. 9]

kind Z bnzkHG%(z), k = 0,1,2,..., is uniformly convergent on every closed
n==k

set S*(7) with 7 € (79,00). This follows from (IV.3.3) and the equality

2GE(z) = nt_l(Z) + (1/2)Gﬁ+1(2), n = 1,2,3,.... The last one is nothing

but the recurrence relation [Chapter I, 4.18)].

Exercises

1. Prove the validity of (IV.1.2).
2. State and prove a proposition similar to (IV.1.1) for series of the kind

oo

S {an P (2) + baQ 7 ()}

n=0

3. Using the inequality [Chapter 111, (4.5)], verify the convergence of the series
(2.3) when « is an arbitrary complex number.
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4. Verify (IV.2.4) when a € C\ Z™.
5. Prove that (IV.2.4) holds even in the case when a € C\ Z™.
6. Prove (IV.3.1).
7. Prove (IV.3.2).
8. Prove (IV.3.3).
9. Using the notations of [Chapter III, Exercise 4], prove that if
0 < 70 = min {max]0, lim sup(2n + 1)_1/2 log \(Qn/e)a%k)]]} < 00,
k=1,2 N—00
then the series -
S a6 )+ a2 G s}
n=o

is absolutely uniformly convergent on every closed strip S(7), where 0 < 7 < 7.
10. Prove (IV.4.4).
11. Prove (IV.4.5).
12. Prove (IV.4.6).
13. Using Exercise 5, prove the uniqueness property of the system
{Méa)(z)}%‘;o when a € C\Z™.
14. Let the bilinear form B(X,Y) be defined on a topological vector space.

If it is separately continuous with respect to its first argument and the system
O = {pp}o2, is orthogonal with respect to B, then ® has the uniqueness property.

15. Suppose that the series in (5.7) is convergent in the region A*(uy),
0 < pp < oo. Prove that:

(a) If for some 7 > 0 its sum f has infinitely many zeros in the closed half-plane
H(po;7) ={z €C:Rez < —(uo + 7)%}, then f = 0;

(b) If & < 1/2 and, moreover, for some u > po the function f has infinitely
many zeros in the closed region A*(u), then f = 0.

Comments and references

It is a common property of series in Jacobi, Laguerre and Hermite polynomi-
als and associated functions that their regions of convergence coincide with their
regions of absolute convergence. Moreover, these series are (absolutely) uniformly
convergent on the compact subset of their regions of convergence. The properties
in question, which are well-known for power and Laurent series, respectively, are
corollaries of Abel’s lemma for series in classical orthogonal polynomials and asso-
ciated functions. In addition, we have also formulas of Cauchy-Hadamard’s type
for these series.

Let us mention that a proposition similar to (IV.3.3) is proved by G.G. WAL-
TER [1] but for series expansions of complex functions defined by Cauchy type
integrals.
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Convergence of series in Jacobi, Laguerre and Hermite sysytems

The analogy with the power series seems to be deeper, since propositions like
Abel’s theorem hold true also for series in Laguerre and Hermite systems [P.
Rusev, 4], [L. BoyapJigv, 1, 8|.

The uniqueness of the representations by series in the systems of Jacobi, La-
guerre and Hermite polynomials is obtained, as usually, as a corollary of their
orthogonality. The uniqueness of the representations by the systems of Jacobi,
Laguerre and Hermite associated functions is proved by means of their asymptotic
properties only.

Let us note that a proof of (IV.5.4) is given in [P. RUSEV, 16, p. 120, Lemma
2]. The proposition (IV.5.10) as well as its generalization, i.e. Exercise 15 can
be found in [P. RUSEV, 14].

The entire functions
cn(z) = Ay cos[(2n + 1)1/22 —nm/2], n=0,1,2,...,

sn(z) = Apsin[(2n + 1)1/2,2 —nm/2], n=0,1,2,...,

where
I'2n+1)

F'n+1)’
Apner = (=1)"(4n + 3) /2 Hy,, 1 (0)
I'(2n+ 2)

I'n+1)’
are introduced in [E. HILLE, 2, p.880] and the series

(x) C(z) = Zancn(z), (xx) S(z) = Zansn(z)

are called the associated Fourier series to the series (3.1). As it is proved in [E.
HILLE, 2, 885 - 887] the series (3.1) converges at a point of C \ R if and only if
either the series (*) or (**) converges at such a point. An assertion like this can be
regarded as a complex analog of a well-known equiconvergence theorem for series
in Hermite polynomials [G. SZEGO, 1, Theorem 9.1.5].

Agp = (—1)"Han(0) = n=01,2,...,

= 2(4n +3)71/2 n=0,1,2,...

An equiconvergence theorem for series in the Laguerre polynomials is given in
[L. BOYADJIEV, 11, Theorem 3]. He proves that if — limsup,,_,~,(2v/n) ! log |ay|

>0, and —1/2 < o < 1/2, then the series (2.1) converges at a point of the region
C\ [0, 00) if and only if the series

Z IYa, cos[i(4n + 1)v/—z]

n=0

converges at such a point.
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Chapter V

SERIES REPRESENTATION OF HOLOMORPHIC FUNCTIONS
BY JACOBI, LAGUERRE AND HERMITE SYSTEMS

1. Expansions in series of Jacobi polynomials and
associated functions

1.1 The problem of expansion of holomorphic functions in series of Jacobi sys-
tems can be solved by means of the Christoffel-Darboux formula for these systems
and the asymptotic formulas for the Jacobi polynomials and their associated func-
tions. It is sufficient to consider this problem for holomorphic functions defined
by Cauchy type integrals. Recall again that e(r) = {z € C: |w(2)| =},

1 < r < oo, where w(z) is that inverse of Zhukovskii function z = (w +w™1)/2 in
the region C \ [—1, 1] for which |w(z)| > 1, and that E(r)=inte(r) for 1 < r < oo,
and E(c0) = C.

(V.1.1) Suppose that o + 1,8 + 1 and a + B + 2 are not equal to
0,—1,-2,...,1 < r < oo, and let ¢ be a L-integrable complex-valued function
on the ellipse e(r). Then the function

(1.1) @(z):%m./e(m%dc, z€C\e(r),

is representable for z € E(r) by a series of the kind [Chapter IV, (1.2)], i.e.

[ee]
Z aanga’ﬂ) (2)
n=0

with coefficients

1

(1.2) ap = ————
" 27TiI7(1a’ﬂ)

/( )sO(C)Q%O"m(C) d¢, n=0,1,2,....

Proof. We multiply [Chapter I, (4.28)] by (2mi) 'p({), and integrate along
e(r). Thus, we obtain that for z € C\ e(r)

(1.3) B(2) = SS9 (2) + R (),
where
14
(1.4) Séa’ﬁ)(z) :Zanﬂg&’ﬂ)(z), v=20,1,2,...,
n—0
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Series representation of holomorphic functions. . .

[ ()AL (z,¢)
e(r) ¢—=z
and {a,}7°, are given by the equalities (1.2).

If z € €\ [—1,1], then the asymptotic formulas [Chapter III, (1.9)], [Chapter
I11, (1.30)] as well as the Stirling formula yield

) = o{ (M) [ jat@tamn . v —

where m(r) is the Lebesgue measure on e(r).

If z € E(r)\[-1,1], then |w(z)| < r and lim, R,(/a’ﬁ)(z) =0, and (1.4) yields
that the function (1.1) has a representation for z € E(r) \ [-1, 1] as a series in the
Jacobi polynomials {P,ga’ﬁ)(z)}%io with coefficients (1.2). If 1 < p < r, then this
series is absolutely uniformly convergent on the ellipse e(p), hence, in E(p), i.e. it
represents the function ® in the whole region E(r).

@B, _ 1
v ) =00

¢, v=0,1,2,...,

The Cauchy integral formula and the above assertion yield immediately the
following proposition:

(V.1.2) Suppose that a+1,3+1,a+ [+ 2 are not equal to 0,—1,—2, ... and
that 1 < R < co. Then each function f € H(E(R)) is representable in E(R) by a
series in the Jacobi polynomials {PT(laﬁ)(z)}%O:O, ie.

[ee]
F(2) =3 anPP(2), 2 e E(R)
n=0
with coeflicients

1
(15) CLRZW/ f(C)Q’Sla,ﬁ)(g) de 1 <T<R7 n:O71727""
2wl e(r)

Suppose that «, 3 are arbitrary complex number and denote by H(®?)(R),
1 < R < oo, the C-vector space of all complex-valued functions which are holo-
morphic in the region F(R) and have there representations by series in Jacobi
polynomials with parameters o and £.

(V.1.3) Ifl< R<oo and a+ f+2#0,—1,-2,..., then H@P(R)
= H(E(R)), i.e. under the assumption on « and (3, just made, the system of
Jacobi polynomials {P,(laﬁ)(z)}%io is a basis in each of the spaces H(E(R)),
1 < R<o0.

Proof. Suppose that H(@ LD (R) = H(E(R)) and let the function f be in
the space P@TLO+D(R). Since f' € H(E(R)), a representation of the kind

(1.6) Q) = Y a P )
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Expansions in series of Jacobi polynomials and associated functions

holds in the region F(R).
The relation [Chapter I, Exercise 4] gives that

2
plat1,8+1) -y PO e =012 ...
n (C) 7’L—|—Oj+ﬂ+2{ n (C)}an y Ly 4y )

and, hence,

00 o (+1,0+1) ¢ o
2a (f) ¢ pla,f)
/ n (67 /
= P, , (€ E(R).
10 =3 s a (@Y e By

The series in the right-hand side of the above equality is uniformly convergent
on each compact subset of the region E(R). Therefore, if z € E(R), then it can
be integrated termwise on the segment [0, z]. This gives the representation

a(a+17/6+1) (f/)

1) = 10 + 3 2R () - PP ).

Since the series in (1.6) is convergent in F(R), from (IV.1.1),(b) it follows

that for » € (0, R) we have |a§la+1’ﬂ+l)(f’)] = O(r~™) when n tends to infinity.

As a corollary of [Chapter III, Exercise 7] we obtain that if 1 < p < r, then

|P,§O‘+’1ﬂ) (0)] = O(p"™), n — oo, hence, the series

o0 2a%04+175+1)(fl) (@.0)
n+a+p+2 "

(0)

n=0
is (absolutely) convergent. Further, if we define

o 20 ()

P(Oéﬂ)(o)

(a,3) _ .
ag ' (f) = f(0) n:0n+04+5+2 n+1

(a+1 l)f
21 7ﬂ+ /
n n ﬁ 17 )~y )

then the representation

f2) =3 aP ()PP (2)
n=0

holds in the region E(R) and, hence, f € PP (R).

So far we have proved that if H(@ 154D (R) = H(E(R)), then H(*?)(R)
— H(E(R)). By induction we obtain that if H(@+*:A+E)(R) = H(E(R)) for some
integer k > 1, then H@%(R) = H(E(R)). If a++2 # 0,—1,—2, ..., then there
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exists a positive integer v such that Re(a + v) > —1,Re(8 + v) > —1 and, hence,
Re(a+ B+ 2v+2) > 0. Then from (V.1.2) it follows that H(®?(R) = H(E(R)).

1.2 Now we are going to consider series representations by means of Jacobi
associated functions.

(V.1.4) Suppose that « + 1,6+ 1,a + 8 + 2 are not equal to 0,—1,—2,...,
1 < r < oo and let 1) be an L-integrable complex-valued function on the ellipse
e(r). Then the function

218 Jeoimy G —

is representable for z € E*(r) by a series of the kind [IV, (1.3)] with coefficients

\Il(z):—i_/e( )Kcldc, z€C\e(r),

1.7 by = ¢, n=0,1,2,.
(1.7) 2mlw/ WP Q) dg. n

The proof proceeds as that of (V.1.1), but by ”changing the roles” of { and
z. The above assertion is true even in the case r = 1:

(V.1.5) Suppose that a+1,3+1,a+ +2 are not equal to 0,—1,—2, ... and
let b be an L-integrable complex-valued function on the interval [—1,1]. Then the
function

(1.8) B(z) = —i,/1 M g ey [21,1) = B41)

2 J_ t— 2

is representable for z € E*(1) by a series of the kind [Chapter IV, (1.3)] with
coefficients

1 1
(1.9) bn = —— / b() Pt dt, n=0,1,2,....
2772] ’

Proof. Using (1.8) and the Christoffel-Darboux formula [Chapter I, (4.25)],
we have that for z € E*(1) and v =0,1,2,...,

(1.10) B(z) = > 6@y (2) + K7 (2),
n=0

where

1 (@, )
K](/a,ﬁ)(z) _ L/ b(t)Ay (¢, 2) dt, v=0,1,2,.

2mi )4 t—z

and A@P)(t, 2) is obtained from [Chapter I, (4.26)] by substituting ¢ for z and z
for C.
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Further, [Chapter III, Exercise 7], the asymptotic formula [Chapter III, (1.30)]
as well as the Stirling formula yield that if 1 < p < |w(z)|, then

KePe=o{ () [ - o-af

and, hence, lim, . Kl(,a’ﬁ)(z) =0.

Suppose that g is a complex-valued function which is holomorphic in the region
E*(R),1 < R < 0. Then for each r € (R,00) and z € E*(R) we have

(1.11) o) = 9(0) — 5 | 96) 4

271 e(r) g— z

which is nothing but the Cauchy integral formula for functions holomorphic in a
region of the kind E*(R),1 < R < oc.

The following proposition follows immediately from (1.11) and (V.1.4).

(V.1.6) Suppose that o+ 1,8+ 1, + 3 + 2 are not equal to 0,—1,—2,...
and that 1 < R < oo. Then every function g € H(E*(R)) such that g(oco) =
0 is representable for z € E*(R) by a series in the Jacobi associated functions

{Qq(lo‘vﬁ)(z)}%o:o with coefficients

1
(1.12) b”:—aﬁ/ Q(C)Péa’ﬂ)(@d(, R<r<oo, n=0,1,2,....
27ri[,(1’ ) Jeer)

2. Expansions in series of Hermite polynomials

2.1 Suppose that the function f € H(S(1)),0 < 79 < 00, is represented in the
strip z € S(79) by a series in the Hermite polynomials, i.e.

f(z) = Zaan(z)

for z € S(79). Then from (IV.3.1) it follows that

— limsup(2n + 1)_1/2 log |(2n/e)n/2an\ > T9.

n—odo

Therefore, if 0 < 7 < 74 8 < 79, then |an| = O{(e/2n)™2 exp|—(7 + §)v/2n + 1]},
and [II1, (4.6)] yields that for z = x + iy € S(7)

(2.1)  |f(2)| < Z lanHy(2)| = O{exp z? Zexp(—(S\/Zn + 1)} = O(exp x?).

Denote by £(75),0 < 19 < 00, the C-vector space of all complex-valued functions
which are holomorphic in the region S(7p) and such that they have there expansions
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in series of Hermite polynomials. Since the system of Hermite polynomials has the
uniqueness property, it is a basis of £(7p).

From the inequality (2.1) it follows that not any function f € H(S (7)) can be
represented in the region S(7y) by a series in Hermite polynomials, i.e. £(7) is a

proper (C-vector) subspace of H(S(7y)). As we shall see later, £(7p), in general, is
not closed in H(S(7)).

Remark. Suppose that G is a region in C and let H(G) be the C-vector space
of the complex-valued functions holomorphic in G. Usually H(G) is considered as
a topological vector space with respect to the compact-open topology. The last
one is generated by the neighborhoods of the zero element of H(G) of the kind
V(K,e) ={f € H(G) : |f(z)| < e, z € K} provided that K "runs” the set of the
nonempty compact subset of the region G. It is well-known that H(G) is locally
convex, and metrizable as a topological vector space, and that it is complete, i.e.
it is a Fréchet space. Usually, the vector subspaces of H(G) are considered as
topological vector spaces with the topology induced by that of H(G). But a (C-
vector) subspace E of H(G), although it ”inherits” the structure of H(G) as a
metrizable space, it may be not complete, in general, i.e. it may be not a Fréchet
space.

2.2 The entire functions {H;(2)}52,, defined by the equalities
(2:2) Hi() = I exp(=2/2) Hi(2)

= (\/7_Tn!2”)*1/2 exp(—z2/2)Hp(2), n=0,1,2,...,

are called Hermite functions. For n = 0,1,2,... the function H}; is in the space
L?(R), i.e. H} is square-integrable on the real axis. Moreover, the orthogonal
property of the Hermite polynomials yields that

o0
(2.3) / H () H () dt = 6mn, my,n =0,1,2,...,
—0o0

i.e. {H}}5, is an orthonormal system in the space L*(R).

An important property of the Hermite functions is given by the following propo-
sition:

(V.2.1) If for a complex-valued function F € L*(R)

o0
An(F) :/ FOHI (0 dt, n=0,1,2,...,
—00

then

(2.4) /oo t)|*dt = Z | An (F
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Expansions in series of Hermite plynomials

In particular, if Ap(F)=0, n=0,1,2,..., then F ~ 0, i.e. F is equal to zero
almost everywhere in the interval (—oo, 00).

Propositions similar to that for Hermite polynomials holds also for the system
of Hermite functions as well as for the series in this system. In particular:

(V.2.2) (a) If

(2.5) 0 < —limsup(2n + 1)_1/2 log |a)| = 10 < o0,

n—oo

then the series
[ee]

(2.6) > anHy(2)
n=0

is absolutely uniformly convergent on every compact subset of the strip S(m), i.e.
it defines a holomorphic function f* there, and diverges on the set S*(7p);

(b) f*|R € IA(R), ic. /OO

|f*()? dt < .

Proof. The part (a) follows immediately from the definition of Hermite func-
tions, Stirling’s formula and (IV.3.1).

From (2.5) it follows that if 0 < 7 < 79, then there exists a positive constant
D = D(r) such that |a}| < Dexp(—7v2n+1), n =0,1,2,.... Then (2.6) and
Schwarz’s inequality yield that for ¢ € (—o0, 00),

PP < (Dazﬂm) <3 (bl S bl ()?

< D? Z exp(7v2n + 1) Z exp(—7V2n + 1)(H;(t))?

n=0 n=0

and, hence,

—00

/ TR < D? (i exp(—wm)f <.

(V.2.3) Suppose that 0 < 19 < oo and let f* be a complex-valued function
holomorphic in the strip S(7y). Suppose that f*|R € L*(R) and denote

o0
(2.7) ot () :/ FOHA ) dt n=0,1,2,....
—0o0
Then in order that f* be representable in S(7y) by a series in Hermite functions,

it is necessary and sufficient that

(2.8) —limsup(2n + 1)"Y?log|a%| > 0.

n—oo
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Series representation of holomorphic functions. . .

Proof. If the function f* has an expansion in a series of Hermite functions
in S(79), then its coefficients are given by the equalities (2.7) and the necessity
follows from part (a) of (V.2.2).

Suppose that (2.8) holds. Then again from (V.2.2) it follows that the series

Zan ) defines a function f holomorphic in the strip S(7y) and, moreover,

f ]R € L*(R).
Further, for each n =0,1,2,... we have the equality

/_OO }(t)H;;(t) dt = a;kl(f*) — /_oo f*(t)H;Z(t) gt

/ {f@) = fFOYH:(#)dt =0, n=0,1,2,....

i.e.

Since the function f — f* is continuous, from (V.2.1) it follows that f(t) =
f*(t) for t € R and the identity theorem for holomorphic functions gives that
f* = f,ie. f*" has an expansion in a series of Hermite functions in the strip S(7p).

2.3 The differential equation [Appendix, (4.1)], with z replaced by zv/2, be-
comes

(2.9) w’ + 2v+1—2%)w = 0.

It is well-known [E.T. WHITTAKER, G.N. WATSON, 1, 16.5] that the function
R}, defined by the equality

(2.10) hi(z) = 2Y/2D,(2V2), z,v € C,
is the unique solution of the equation (2.9) such that

(2.11) lim exp(22/2)(22) YR} (2) = 1.

| arg 2| <37 /4,2—00

From the definition of Hermite functions and relation [Chapter I, (5.16)] it
follows that

(2.12) HE(2) = I, *hi(2), n=0,1,2,....

The functions h—,—;(+iz) are also solutions of the equation (2.9) and if
v € C\ Z, then [Appendix, (4.3)]

hi(z) = 7 V2T (v + 1)2% {exp(vmi/2)h* (i) + exp(—vmi/2)h*,_ (—iz)}.
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Expansions in series of Hermite plynomials

As a corollary of (2.12) we obtain that
(2.13)  H(z) = n Y20, (i2) + (—i)"hE, (—iz)}, n=0,1,2,....

We define the functions &,(z), n =0,1,2,..., on the (closed) upper half-plane
Im z > 0 by the equalities

(2.14) £n(2) = —(n/A)N? + /OZ(N2 _dC n=0,1,2....,

where N = (2n + 1)Y/2, provided (N2 — #2)/2 > 0 when —N < ¢ < N.
Denote by Sp,(d), n =0,1,2,... the region defined by the inequalities: Im z

>0,—N < Rez < N, and |z + N| > ¢ provided 0 < 6 < 1. Then [E. HILLE, 1,
(3.11)]:

(V.2.4) The representation

(2.15) 2N exp{—N?(1 + mi) /4}h*, _,(—iz)

= (1= 22/n*) " exp(ibn(2)) (1 + mn(2)
holds in the region Sy (5). Moreover, there exist M = M(0) and ng = ny(d) such
that |nn(2)| < M for z € S,(0) and n > ny.

(V.2.5) Denote by E*(n,7), 0 <7 <00, n=0,1,2,... the arc of the ellipse
E(n,7): 2%/n? +y?/7*> = 1 in the upper half-plane. Then the inequality

(2.16) Im &y (2 + iy) + |2)(72 — y?) V2 > 7N — (5/24)7

holds for z = x +iy € ET(n, 7).

Proof. If z = x + iy and y > 0, then as a path of integration in (2.14) we
choose the union of the segments [0, z|, and [z, x +iy]. Then from (2.14) it follows
that

Im &y (z+iy) = Im{/[ | ](N2—§2)1/2dg} = Re{/oy(NQ—xz—Qixt+t2)1/2 dt}.
T, T+1Y

Substituting a®> = N? — 22, b* = —2ixt + t? in the identity

b v?
(a2+b2)1/2—a——: v

p !
. 2 2\1/2 v
2a 4a2{(a +5) +a+2a}

we obtain that
(N? — 2 — 2ixt + t2)1/2
= (N? = a?)"/2 4 (=it + 12/2)(N? — &%) 72 = P(x,1)/Q(n, 2, 1),
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Series representation of holomorphic functions. . .

where P(z,t) = t*(t — 2ix)? and
Q(n,z,t) = 4(N? — 22){(N? — 22 — izt + 2)'/2
+H(N? = 22 4 (/2 — iwt)(N? — %) V%),
Since
1Q(n,z,t)| > Re Q(n, z,t) = 4(N? — 22){27/2[N2 — 22 4 #2

+((N2 _p2 +t2)2 —1—4332752)1/2]1/2 + (N2 _ x2)1/2 + (N2 _ x2)_1/2(t2/2)}

and {ReQ(n,z,t)}; > 0 when 0 < ¢ <y, we find that |Q(n,z,t)| > ReQ(n,z,0),
ie. |Q(n,z,t)| > 8(N?—22)32 when 0 < ¢ < y.
Further,

Im &, (z + iy) = Re{/oy[(N2 — 22 4 (—izt + 2/2)(N? — 22)71/2

—P(x,t)/Q(n, x,t)] dt} = (N? — 222y 4 (1/6)(N? — 22) "2 + p(n, z,y),
where

p(n,z,y) = Re{— /y[P(x, 1/Q(n, 2, 1) dt}.

0

Since |P(z,t)| < 3|t — 2izt|* < 5N?*? when —N <z < N,
Y
)| < [ 1P/ Q)] de < (52NN = )7/,
0

If —-N<z< N and 0 <y <7, then
Im én (2 + iy) + |7 (7% — y?)Y/2

> [a](r2 = ) + (N2 = 2%)!/%y — (5/24) N*(N? — 2?)7#/2",

But if z + iy € ET(n,7), then |z = (N/7)(72 —y2)Y/2, (N2 —22)/2 = (N/7)y and
(2.16) follows.

2.4 Suppose that the function f € £(71p),0 < 70 < oo, i.e. that it has a
representation of the kind [Chapter IV,(4.9)] in the strip S(7p). If we define f*(z)

= exp(—22/2)f(2), a}, = :L/Qan, n=0,1,2,..., then f* has an expansion of the

kind

(2.17) fH(z) = anHp(2)
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Expansions in series of Hermite plynomials

in the strip S(7).

Conversely, if for a function f* € H(S(7p)) the representation (2.17) holds, then
the function f(z) = exp(2%/2)f*(2) has an expansion in Hermite polynomials in
the strip S(7p) and, hence, f € £(7p). It turns out that in order to have a growth
characteristic of the functions of the space £(7y), it is sufficient to know the growth
of the holomorphic functions which are representable by series in Hermite functions
in the region S(m).

(V.2.6) A function f* € H(S(m)), 0 < 19 < o0, is representable in the strip
S(70) by a series in Hermite functions if and only if for each T € [0, 1) there exists
a constant B*(7) such that the inequality

(2.18) F*(2)] < B*(r) exp{—|a|(r? — 4*)'/?}

holds for z = = + iy € S(7).

Proof. Suppose that the representation (2.17) holds in the strip S(7),
0 < 79 < 0o. Then for each o € (0,7),

(2.19) Z la)|? exp(20N) = A?(0) < oo.

n=0

Indeed, since the series in the right-hand side of (2.17) is supposed to be
convergent in the strip S(7p), —limsup,,_o(2n + 1)"2log|a%| > 75. There-
fore, if 0 < o/ < 7y, then there exists a positive integer ny = ng(c’) such
that |a| < exp{—c’(2n + 1)*/2} when n > no. This implies the inequality
lak|? exp(20N) < exp{—2(¢’ — o)} and (2.19) follows from it.

If 0 <7 <o <7, then the series

(0. 9]
(2.20) H(oiz,y) =Y |Hp(z + iy)|” exp(—20N)

n=0

converges for x + iy € S(7). Indeed, the definition of the Hermite functions by
(2.2), the inequality [Chapter III, (4.6)] and the Stirling formula yield that if
z =1 +iy € S(7), then |H}(x + iy)| = O{exp(z® + 7v/2n + 1)}.

Further, (2.19), (2.20), and Schwarz’s inequality as well as the expansion (2.17)
yield that if 0 < 7 < ¢ < 79, then for z = x + iy € S(7),

(2.21) [f* ) ="z +iy)l* < A(0)H (o3 2,y).

Remark. Let 0 = (7 4+ 7)/2 if 79 < o0 and let 0 =7+ 1 if 79 = o0.

Define for p,g > 0 and v € R

(2.22) J(p,q,v) = /UOO exp(—pt — q/t)t" dt.
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Series representation of holomorphic functions. . .

Then, in particular,

(2.23) J(p,q,3/2) = 72712 exp{—2(pqg)'/?}

and, since J(p,q,5/2) = —Jy(p, q,3/2),

(2.24) J(p,a,5/2) = 'q**{1/2 + (pg)'/*} exp{~2(pg)'/*}.
Further, using (2.23), (2.24), and Schwarz’s inequality we obtain that

(2.25) J(p,q:2) < 72 {1/2 + (pg)"/?} exp{—2(pq)"/*}.

From (2.23) it follows that exp(—20N) = 7~ /20.J(2n + 1,02, 3/2)
= 7720 [ exp[—(2n + 1)t — 0 /t]t"*/*dt. Then for z = x + iy € S(7),

x oo
H(osz,y) =) [Hy(x + iy)IQW_l/QU/ exp[—(2n + 1)t — o /t]t /2 dt
n=0 0

_ )2, /OOO eXp(_az/t)t—?)/?{Z |H i (2 + iy)|” exp[—(2n + 1)15]} dt.

Putting ( = Z = = — iy in [Chapter II, (3.6)] and having in mind (2.2), we
obtain that if |w| < 1, then

(0. @]
. _ _ 1—-w 14w
S e+ )" = A e i

Setting w = exp(—2t), 0 < t < oo, we obtain that
H(o;2,y)

0
= w_la/ (1-— exp(—4t))_1/2 exp(—o?/t —t — x*tanht + y* coth t)t_g/2 dt.
0

But cotht < (1+¢)/t and —tanht < —t/(1 +t) for t < 0; hence,
o0
(/o) H(oin,y) < [ (1= exp(—t) "V exp(—o*/t — t =t/ (14 )
0

P (L4 6) /)32 dt = expy® HY (02, y),
where

(0. @]
H*(J;w,y)=/ W (o;x,y,t) dt
0
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Expansions in series of Hermite plynomials

and

2 _ 2 24
h (o;z,y,t) = (1 — exp(—4t))_1/2 exp{—g ; v 4o 1I—H}t_3/2.

Suppose that |z| > 40 and denote & = 4o|x| ™! as well as

§
Hl*(a;m,y)=/ h*(o;z,y,t) dt,
0

and ~
Hy(o;2,y) = / h*(o;x,y,t) dt.
§

Since (1 —exp(—u))~! <wu~ !+ 1 for u > 0, it follows that if ¢ > 0, then

The function ¢/(1 4 t) increases in the interval [0,00). Hence, it attains its
minimum in the interval [, 00) at the point ¢ = &, and this minimum is £(1+¢&) 7!

= 40 (40 + |z|)~!. Then (2.26) and (2.22) yield that

dox?

m}{J(l, o® —12,3/2) + (1/2)J(1,06> — y*,2)}.

Hj(o;z,y) < exp{—

Since |z| > 4o, from (2.23) and (2.24) it follows that
exp[20]a| +2(0” — ) /*]H; (02, )

< w20 =) /D24 (0° = g)) Y 4 (0 = )P

Then the choice of ¢ and the fact that |y| < 7 lead to the conclusion that there
exists a constant Bj(7) such that

H (032,y) < Bi(7) exp(—27]z]) < Bj (1) exp{—2|z|(r> — y*)"/?}.

The above inequality was proved under the assumption |z| > 40, but a suitable
choice of the constant Bj(7) ensure its validity for every x € R.

The function t/2(1 — exp(—4t))~Y/2 is increasing in the interval (0,00) and
since (1 — exp(—4))"Y/2 < 2, we have (1 — exp(—4t))"Y/2 < 2t7/2 for t € (0,1).
Moreover, —t/(1+t) = —t+t*/(1+t) < —t+t? for t > 0 and since 0 < £ < 1, we
obtain

Hi (0 2,y)

3
< 2exp(£22?) / exp{—(0® — y?)/t — 2*t}t?dt < 2exp(160°)J (2%, 0° — ¥, 2)
0
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Series representation of holomorphic functions. . .

< 22 exp(160°) (0% — y?) 7' [1/2 + |el (0 — )]/ exp{~2la|(0” — )"/},
The function
b(r;2,y)
= (0" =) '[1/2 + lel(0® = y*)' ) exp{~2fal[(0” — ")/ — (7 — )]}

is bounded on the (closed) strip S(7) and, hence, if
Bi(r) = 27'/% exp(1602) sup{b(r; 2, y) : @ + iy € S(7)},

then
H (:2,) < Bi (r) exp{~2|z|(7* — 4*)'/?)
provided that = + iy € S(7).

So far we have proved that if the function f* € H(S(7)), 0 < 79 < o0, has a
representation by a series in Hermite functions in the strip S(7p), then for every
7 € [0,79) there exists a constant B*(7) such that the inequality (2.18) holds for
z=x+1iy € S(1).

Conversely, suppose that for a function f* € H(S(m)), 0 < 790 < o0, an

inequality of the kind (2.18) holds in each closed strip S(7) with 7 € [0,7). In
particular, if 0 < 7 < 79, then

(2.27) 17 ()] = Ofexp(—7lt])}, —oo <t < oo,

hence, f*|R € L?*(R). Having in mind (V.2.3), we can assert that in order to
prove that the function f* is representable by a series in Hermite functions in
the strip S(79), we have to show that the inequality (2.8) holds for the sequence
{ay,(f*)}52, which is defined by the equalities (2.7). In other words we have to
prove that for 7 € (0, 79),

(2.28) |an (f)] = O{exp(=7N)}.

To that end we define (n =0,1,2,...)

N—-1
a () = / () di

—N+1
and

—N+1 00
o= [ rommds [ romoe

—00 N-1

From inequality [Chapter III, (4.5)] it follows that the sequence of Hermite
functions is uniformly bounded on the interval (—oo, 00), and then the inequality
(2.27) gives that for 7 € (0, 7),

(2.29) jaf 5 ()] = o( / T exp(—i) dt) = Ofexp(—7N)}.

N-—1
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It remains to show that for 7 € (0, 79),
(2.30) |an,1 (f)] = Ofexp(=7N)}.
From (2.13) we obtain

:w—lﬁ/Q{i” / N e, ity dt + (i) / N e, (it dt}

—N+1 —N+1

where f(z) =" f*(—2) + (=) f*(2), z € S(7p).

Denote by P, (Qn) the point of intersection of the line Rez = —N + 1 (Rez
= N — 1) and the arc E*(n,7) of the ellipse E(n,7). Then Cauchy’s integral
theorem yields that

antt =m P [ e
’ [_N‘H»Pn]

e [ ent, (i ds .
PrnQn [Qn,N—1]

From the asymptotic formula (2.15) and Stirling’s formula it follows that
(2.31) 020, (—iz)| = Ofn~ V1 — 22N exp(— Tm &(2)) }

in the region S, (9).
Then, having in mind that Im &, (z) > 0 for z € 5,,(J) as well as that

11— 22/N?| = O(n'/®), |f(2)| = Ofexp(—TN)}

for z € {[-N + 1, P,)UJ[@Qn, N — 1]}, and that the lengths of the segments [—N
+1, Py), [@Qn, N — 1] are O(n3/*) when n — oo, we obtain

[ e, i ds
[—N+1,Fp)

/ PR (—iz) da
[Q’VZ)N_H

1Y? = O(n~ /3 exp(—7N))

and

I,l/Q = O(n_7/8 exp(—7N)).

Since /A 11— 22/N?|~V*ds = O(N), (2.16), (2.18) and (2.31) yield that
P?’L n

I,%/Q = O{n1/4 exp(—7N)}.

| (i ds

n<Yn
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So far we have proved that |a;; ,(f*)] = Of{n'/*exp(—7N)} for 7 € (0, 7).
Therefore, if 7 < 7+ € < 7, then |aj, ,(f*)| = O{n'/* exp[—(7 + ¢)]N}
= O{n'/* exp(—eN) exp(—7N)}, i.e (2.30) holds for 7 € (0,7). Further, taking
into account (2.29) as well as that a;,(f*) = ap ;(f*) + apo(f*), n=0,1,2,...,
we conclude that the sequence {a (f*)}52, satisfies the inequality (2.8). Thus,
the sufficiency of the condition (2.18) is proved.

As a corollary of (V.2.6) we can state a proposition which characterizes the
growth of the functions in the space &€(7):

(V.2.7) The function f belongs to the space E(1),0 < 19 < 00, if and only if
for each T € [0, 79) there exists a constant B(7) such that for z = x + iy € S(7),

(2.32) £(2)| < B(r)exp{a? /2 — |2|(7* = y*)'/*}.

If 0 < 7 < oo, then we define the function h(7;x,%) in the strip S(7) by the
equality

(2.33) h(riz,y) = exp{a?/2 — |z|(7> — y*)'/?}.

By H(79), 0 < 79 < oo, we denote the C-vector subspace of H(S(7)) consisting
of those functions f for which an inequality of the kind (2.32) holds in each closed
strip S(7) with 0 < 7 < 79, i.e.

(2.34) [f(2) = f(z +iy)| = O(h(7;2,y)), 2 € 5(7).

An immediate corollary of (V.2.7) is the following proposition:
(V.2.8) The spaces E(my) and H(my) coincide for every 7y € (0, 00].

Example. If Re¢ < 1/2, then the entire function exp(¢z?) is in the space
H(c0). Indeed, if 7 € [0, 00), then

B(1) = sup{| exp(¢2?)|(h(T;2,9)) ' iz =z +iy € S(7)} < .

If ¢ > 1/2, then the function exp((z?) is not in the space H(cco) and, in
particular, this is true for the function exp(z?/2). Since lim,_,, ,_, exp(Az?)

= exp(z?/2) uniformly on each compact subset of C, it follows that H(oo) is not a
closed subspace of H(C).

If Re{ < 1, then we may come to the above conclusions without using (V.2.7).
To that end we need to calculate the following integrals:

oo

(2.35) asn () = I;nl/ exp[—(1 — O)t*]|Hap(t) dt, n=10,1,2,....

—0Q
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It is easy to see that if Re( < 1, then

(2.36) azn(C) = (1—¢)~ V2! /OO exp(—t2) Hop[(1 — ¢)"Y24 dt, n=0,1,2,....

—0o0

The right-hand sides of (2.35) and (2.36), as functions of {, are holomorphic in
the half-plane Re( < 1. Replacing ¢ by (1 — &)~Y/2¢ with £ < 1, we conclude that
these functions coincide on the ray (—oo, 1) and, hence, in the half-plane Re ( < 1.

Having in mind [Chapter I, Exercise 13, (a)], we get

(1—C)‘1/2{ ¢

GZH(C) = nl22n 1— C

n
} n=0,1,2,...

Therefore,
oo if Re¢ < 1/2;
— lim sup(4n + 1)_1/2 log [(4n/e)"asn(¢) =< 0 if Re¢ =1/2;
e —o0 if1/2 <Re( < 1.

In this way we obtain the representation of the function exp((z?), Re( < 1/2,
as a series in Hermite polynomials in the whole complex plane:

- (1—C)‘1/2{ ¢

(2.37) exp((2?) = ——{ C}"Hmcz)-

n=0

2.5 There are cases when the expansion of a complex-valued function f

€ H(S(7)),0 < 719 < 00, in a series of Hermite polynomials can be obtained only
by using the Christoffel-Darboux formula for the Hermite system as well as the
asymptotic properties of Hermite polynomials and Hermite associated functions.

(V.2.9) Suppose that 0 < 7 < oo and let ¢ be a locally L-integrable complex-
valued function on the line I(—7) : ( =t —irt,—00 < t < oo. If  satisfies the
condition

0

(2.38) / it —it| 7ot —iT)|dt < oo,
—00

then for z € S(1) the function

(2.39) F(z) = 2% . 20<_<l dc, z e c\I(-r),

has a representation by a series in Hermite polynomials with coefficients

(2.40) A, =

1 —_
omil,, /l(_T) G (Q)p(¢)d¢, n=0,1,2,....
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Proof. From (2.39) and [Chapter III, (4.14)] it follows that if z € C\ I(—7)
and » =0,1,2,..., then

(2.41) F(z) = AnHp(2) + Ry(2),

where

_ Av(z Op(Q)
BT

and Ay (z,() is given by [Chapter I, (4.30)]

Having in mind [Chapter III, (4.33)], the inequalities [Chapter III, (4.24)] and
[Chapter III, (5.3)] as well as the Stirling formula, we obtain that for 6 € (0,7)
and z = x +iy € S(7 — §),

¢

9]

Ry ()| = Of expla? - 5\/T+1]/

[t — i1 — z||p(t —iT)| dt}.
—00
But since sup{|t — i7|[t —iT — 2| 7' : t € R} < oo for z € S(7 — §), from (2.38)
it follows that
o0
/ t—ir — 2| o (t — im)| dt < oo,
—0o0
hence, limy o Ry(2) = 0. Then (2.41) yields that the series in the Hermite
polynomials with coefficients (2.40) is convergent in the strip S(7) and that the
function (2.39) is its sum.

Remark. It is clear that the assertion (V.2.9) remains true if we replace
[(—7) by the line I(7) : { =t + i1, —00 < t < 0.

(V.2.10) Suppose that the function f € H(S(1)),0 < 19 < oo, satisfies the
following condition: for every T € (0, 1) there exists §(7) > 0 such that |f(z)]
= O(|z|7%™) when z — oo in (S)(r). Then f has an expansion for z € S(7,) in

the Hermite polynomials with coefficients (n = 0,1,2,...)

i | Gt in t—in) = Gie+ing(e+in)di 0 <7 < .

(2.42) ay =

Proof. For z € S(1) we define the functions

_ f(¢)
) = i I(—7) ¢—=z

dg

and

1
6o = 55 | 1€ aC
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Expansions in series of Laguerre polynomials

provided 7 is chosen so that |[Imz| < 7 < 7p. These functions are holomorphic
in S(7p) and, as it is easy to prove by means of the Caychy integral formula, the
equality f(z) = F(z) — G(z) holds for z € S(m).

Further, from (V.2.9) it follows that

F(z) =Y ApHy(2)

and

G(2) =Y BnHy(2)

for z € S(7) and, moreover,

1 ) Lo |
= i /l<—r> GrlOfQde =5, /_oo Gy (t —im) f(t —ir) dt
and
1 L e | |
Bu= gt /Zm GO A = 5o [ Grlt+in s+ in)e
forn=0,1,2,....

Thus, we come to the representation of the function f in S(7y) by a series in
the Hermite polynomials with coefficients given by the equalities a,, = A, — By, n

=0,1,2,....

Remark. The fact that a function f € H(S(7)) satisfying the hypothesis of
(V.2.10) has a representation by a series in the Hermite polynomials in the strip
S(1p) follows immediately from (V.2.7). The essential thing is that the coefficients
{an}s2, have representations in terms of the Hermite associated functions by
means of the equalities (2.42).

3. Expansions in series of Laguerre polynomials

3.1 Suppose that a € C,0 < A < 0o, and denote by L ()\g) the C-vector space
of the complex-valued functions which are holomorphic in the region A(\g), and
which are representable there by series in the Laguerre polynomials {L%a)(z)}%io.
It is not difficult to prove that £ ()\) is a proper C-vector subspace of H(A()g)).
Indeed, the following proposition is true:

(V.3.1) Suppose that o € R\ Z~. If the complex function f € H(A(\y)) is
representable for z € A(\g) by a series in the polynomials {L%a)(z)}%o: o, then for
A € (0, \0) and p > max(1,2N),

(3.1) f(2)] = |f(z +iy)| = O(|2] >V exp)
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Series representation of holomorphic functions. . .

on the closed region A(\, p) = AN N{zeC:|z| > pl.

Proof. If we assume that the representation [Chapter IV, (2.1)] holds for f in
the region A()g), then from (IV.2.1) it follows that |ay,| = O(exp[—2(\ + 0)+/n])
provided 0 < A < A+ 0 < Ag. Further, from [Chapter III, (4.21)] we find that if
z € A(\, p), then

o0

Z anL

n=0
(@) —af2—1/4 ) af2—1/4 .
< laollLE () + O |2 expr- 3 n Y exp(~25yR) ),
n=1
and, since Léa)(z) is a constant, we obtain the inequality (3.1).

3.2 A growth characteristic of the functions in the space £(¥()\) can be ob-
tained by the aid of the proposition (V.2.7) which itself is a corollary of (V.2.6).
Recall that by £(15),0 < 79 < oo, we denoted the C-vector space of the complex-
valued functions holomorphic in the strip S(7p) and having there expansions in
Hermite polynomials. The following proposition plays an essential role in the
further considerations.

(V.3.2) If f € E(19),0 < 19 < 00, and y is a L-integrable complex function on
the interval [0, 1], then:

(a) 2f(2) € E();
(b) / f(zt)dt € E(m);
() f(2) € E(m).
Proof. (a) If 0 <7 <746 < 79, then for z =z + iy € S(7) we have
|2 (2)| = O{(2* + y*)"*h(r + 8y 2, )}
= O{h(r;z,y)(2* + %) /*h(7 + 6; 2, ) [h(7; 2, y) ~ 1}
Since [(T + 8)2 — y2]"/2 — (72 — y?)/2 > § when |y| < 7, it follows that
(@® + T2)h(7 + 82, y)[h(r; 2,3)]
= (@ + 1) exp{—lal[(r + ) =] — (" = y*)'/]}

< (2% + )2 exp(S|z]) = O(1).

Hence, |zf(2)| = O(h(T;2,y)) when —oco < z < oo and |y| < 7, i.e 2f(2) € H(m)
and then (V.2.8) yields that zf(z) € £(7).
(b) Suppose that 0 < 7 < 7. If ¢ € [0, 1] is fixed, then

O(t,u) = t(1 — 2u)/2 — (1 —w)/2,0<u <1,
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Expansions in series of Laguerre polynomials

as a function of u, is not decreasing since 6),(t,u) > 0 when 0 < u < 1. Therefore,
O(t,u) > 6(t,0), ie. t(1—t2u)/2— (1 —w)/?2 > —(1—1),0 < u < 1. Setting
u = y?/72, we obtain the inequality ¢(72 — t2y2)"/2 — (72 —y2)}/2 > —7(1 — ) which
is valid when |y| < 7. Hence, if |z| > 27 and 0 <t < 1, then

h(rstz, ty)[h(ms2,y)] 7!
— exp{—(l - t2)fL'2/2 o |$|[t(7’2 o t2y2)1/2 - (7_2 o y2)1/2]}
<exp{—(1-8)[(1+t)z*/2 — 7|z|]} < 1.

If 2 = x +iy € S(7), then

[ etosena] < maxiirenl:o<e<ay [ el

= O{max[h(r;tz,ty) : 0 <t < 1]} = O{h(T;2,9)}.

(c) Suppose that the series representation [Chapter IV, (54.27)] holds for
a function f € H(S(7p)). Then from the uniform convergence of this series
on the compact subsets of the strip S(7p), and from the equalities H (z) =

2nHyp—1(2), n = 1,2,3,... [Chapter I, Exercise 11] it follows that f/(z) =
(0 ¢)

Z2(n + 1ap1 Hy(2) in S(7), ie. f € E(m).

n=0

(V.3.3) If —1/2 < Rea < 1/2, then the integral transform

(3.2) f(z) = PY(F;z) = m/o (1— t2)o‘_1/2F(zt) dt

is an automorphism of the space (7).

Proof. From (V.3.2),(b) it follows that if F' € £(7), then f € £(1). The
equalities
_ T/2+1/2)
C 20(a+k/241/2)
imply immediately that the mapping P(® is injective.
Define

£%(0) F®0), k=0,1,2,...

(3.3) F(2) = Q(f;2) = d%{r = /22’: 3 /0 (1— ¢2)=0/2-1 /2201 f ) dt}.

From (V.3.2) it follows that if f € £(7y), then F' € £(1p). Using power series
representation for the functions F' and f centered at the origin we easily prove
that PY(F;z) = f(z) for 2 € U(0;7y) and, hence, in the whole strip S(7), i.e.
the mapping P is surjective.
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Suppose that the sequence {Fy,(z)}ne, C H(S(10)) is convergent in the space
H(S(m)) to the function F' € H(S(7)). If T > 0 and 0 < 7 < 7, then it is
uniformly convergent on the compact set K(T,7) ={z =x+iy: |z| < T, |y| < 7}.
From (3.2) it follows that the sequence {PY(F},;2)}°%, is uniformly convergent
on the set K(T,7) to the function P(Y)(F;z). Since each compact subset of S(7)
is contained in a set of the kind K (T, 7), we find that lim;, .o PV (Fy; 2)
= P@(F; z) with respect to the topology of the space H(S(7)). Since this topo-
logy is metrizible, it follows that the mapping P(® is continuous. In a similar way
we prove that the mapping Q@) is also continuous. Since we consider £(7g) as a
topological vector space with respect to the topology induced by that of H(S (7)),
we obtain that P(® and Q(® are continuous as mappings of the space &(7).

Remark. The integral transform P is, in fact, an operator of fractional
differentiation of Riemann-Liuville’s type and Q@ is its inverse.

Denote by &(7),0 < 75 < o0, the set of even functions in £(7p), i.e. £(7p) is
the space of all complex functions which are holomorphic in the region S(7p) and
which have there expansions in series of the polynomials { Hap(2)}92,. Evidently,
the restriction of the operator P(® to the subspace £(7p) is an automorphism of
this subspace. Moreover, since {Hap(2)}5%, is a basis of £(7), as an immediate
corollary of (V.3.3) and (I1.2.7) we obtain the following proposition:

(V.38.4) If 1y € (0,00] and —1/2 < Re v < 1/2, then the system of polynomials
{L,(IO‘)(zQ)}%;O is a basis of the space E(19).

Now, we are able to give a growth characteristic of the functions in the space
L (\g), i.e. of the complex functions which are holomorphic in a region of the
kind A(Xg),0 < A9 < oo, and have there representations as series in Laguerre
polynomials with parameter € C. Moreover, we are to make clear for which «
the system of polynomials {L%O‘)(z)}%‘;o is a basis in the space £(@()\).

(V.3.5) Suppose that 0 < \g < 0o and a € C. Then LY ()\g) C LIOFV(\). If
f(2) € LIOFD()\), then zf(z) € LI(\).

Proof. Suppose that the representation [Chapter IV, (4.6)] holds for the func-
tion f € H(A(\g)) in the region A()\g). Then, having in mind the relation [Chapter
I11, (2.10)], we find that

(3.4) F(2) = (an — anp) Ly (2), 2 € Alh),

i.e. f € E(aJrl)()\o).
Conversely, if f(z) € L@ ()y), then from the relation [Chapter I, Exercise 6,
(b)], i.e.

(35) LWV = (n+a+ D)LY (2) — (n+ D)LY (2), n=0,1,2,...,
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Expansions in series of Laguerre polynomials

it follows that the function zf(z) is representable by a series in the polynomials
{Lﬁla)(z)}%io in the region A()\y). Indeed, (IV.2.1),(b) and the equality

(3.6) —limsup(2v/n) ! log |nay| = — limsup(2v/n) ' log |ay|

n—oo n—oo

(0.}
yield that if the series ZanL%a)(z) converges in the region A(J)g), then so does

n=0

o0
the series ZnanL%a)(z).
n=0
If 0 < A < oo, then we denoted by A()\) the closure of the region A()), i.e.
A(\) = {z € C: Re(—2)"/2 < A\)}. Define, in addition, A(0) = [0, cc). Further, by

©(A\;z,y) we denote the function defined in A()) as follows:

e\ z,y)

(3.7) :eXp{ m2+y2+x_{ xz_y2+x()\2_@>r/z}.

4 2 2

The equality z = (2 with 2 = x + iy and ¢ = £ + in gives that £ = (\/22 + 32
+)/2 and n? = (\/22 + 32 — x)/2. Moreover, if ( € S(\) = {w € C : | Imw|
<A}, 0< )\ < oo, then 2z € A(N) and (2.34) yields that

(3.8) h(A;€,m) = w(Asz,9).

Denote by L(Ag),0 < Ay < 00, the C-vector subspace of H(A()\g)) consisting of
the functions f which satisfy the following condition: for A € [0, \¢) there exists a
constant D = D(A) > 0 such that the inequality

(3.9) [f(2)| = |f(z +iy)| < DN)p(A; 2, y).

holds for z = = + iy € A(N).
Further, denote A, ={z € C:Rez=k+1/2,2 4 k+1/2},k=0,£1,£2,...
and define A = (J;.c, Ag-

(V.3.6) If o € C\ A and A\ € (0,00], then the space LY ()\,) coincides with
the space L( o).

Proof. Suppose that £ ()\g) = L()\) for some a € C. If the function f

€ LOTD()\g), then from (V.3.5) it follows that zf(z) € L{®(\y), i.e. 2f(2) €
L(Xo), hence, f(z) € L(Ng). If, conversely, f € L()), then again (V.3.6) yields
that f € £@+)()\y). In other words, if the proposition which we wish to prove
holds for some « € C, then it holds for o + 1 too.

133



Series representation of holomorphic functions. . .

Suppose now that £+ ()\g) = L(X\) with a € C. If f € L£L()), then
f e £t ()), hence, f € L(\). If, conversely, f € L£(\y), then the function
27HFf(2) — f(0)} € L(No) = L ()g) and, using again (V.3.6), we find that
f(z) = f(0) € LY (Ng), i.e. feLD(N).

From this considerations it follows that it is sufficient to prove the validity of
(v.3.6) if —1/2 < Rea < 1/2 as well as if a = —1/2.

Suppose that —1/2 < Rea < 1/2 and let f € L@ ()y), i.e. the function
f € H(A(X)) is representable by a series in the Laguerre polynomials {L&f” (2)}02,
in the region A()g). Then the function f((?) € H(S()\g)) has an expansion in a
series of the polynomials {L%a)(CQ)}%iO in the region S(A\g). Then from (V.3.4)
it follows that for A € [0, o), f(¢%) € E(\) € E(N), and from (V.2.7) we find
that |f(¢?)| = O(h(X;&,n)) for ¢ = € +in € S(A\). Finally, (3.8) yields that
1£(2)] = O(p(\;z,y)) for 2 =z +iy € A(N), i.e. £ L(N).

If, conversely, f € L()\g), then for A € [0, \g) we have |f(¢?)] = O(h(X\;€,7))
for ¢ = &€ +in € S(A) and from (V.2.7) we obtain that f(¢%) € E(\o). It means,
due to (V.3.4), that the function f(¢?) is representable in the strip S()\¢) by a
series in the polynomials {Lﬁf"(g 2129, i.e. the function f(z) has an expansion in
a series of the polynomials {L%a)(z)}%io in the region A()g), hence, f € L ().

It remains to consider the case o = —1/2. Suppose that f € £LTY2 (o). If we
take into account the relation [Chapter I, Exercise 14,(a)], i.e.

(3.10) LG22y = (1272 (n)) " Hon (), n=0,1,2,...,

then we can conclude that the function f(¢?) € H(S(\g)) is representable by a
series in the polynomials { Ha, (¢) }52, in the strip S(\g), i.e. it belongs to the space

E(No). Then from (V.2.7) it follows that for A € [0, \g), |f(¢?)| = O(h(X;€,n))
for ( = & +in € S()\) and, hence, |f(2)] = O(p(X;z,y)) for z = x +1iy € A(N), i.e.
fe LX)

Let, conversely, f € £()\g). Then for the even function f(¢?) we have the es-
timate |f(C?)] = O(h(X\;€,n)) for ¢ = € +in € S(A),0 < A < A\g. Further, from
(V.2.7) it follows that this function is representable by a series in the polyno-
mials { Hop(2)}52, in the region S(\g), and from relation (3.10) we obtain imme-

diately that the function f(¢?) has an expansion in a series of the polynomials
{L%_I/Q)(CQ)};?:O in the strip S()\¢). Hence, the function f(z) is representable by a
series in the polynomials {L%_l/Q)(z)}%‘;O in the region A(Xo), i.e. f € LY (Xg).
Denote by L@ the system of the Laguerre polynomials with parameter a, i.e.
L@ = {LiV(2)}5_,.
(V.3.7) IfaeccC\(AUZ) and 0 < Ay < 0o, then the system LY is a basis
of the space L (\).
Proof. Suppose that the system L is a basis of £{®()\). If the series
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(@)

Z a+1 z) is convergent in the region A()g) and its sum is identically
n=

zero, then the same holds for the series Za(aﬂ L%O‘H)(z). Then from relation

n=0

(3.6) we obtain that
(0.

for z € A(\g). Therefore, (a + 1)a, (@F) — 0 and (n+ a+ 1)ay, (arh) _ gl — g

Ap—1
for n = 1,2,3,... and since o + 1 # 0,—1,—2,..., we find that a(OHrl = 0 for
n=0,1,2,....

Suppose now that L@V is a basis in L+ ()y). If the series Za DL (2) s
n=0
convergent in A(\g), and its sum is identically zero, then the relations (3.5) give

0

Z(a%a) %OQI)L(O[H)(Z) = 0for z € A()\g). Hence, a;m—aﬁ{{fl =0,n=0,1,2,...,

n=0 N

ie. a%a) = aéa),n =1,2,3,.... But the series Zaéa)l)%a)(z) is convergent in a
n=0

region of the kind A()\g) with 0 < Ag < oo if and only if a{™ = 0.

From the above considerations it follows that it is sufficient to prove the
assertion only when —1/2 < a < 1/2 as well as in the case a = —1/2. If
—1/2 < a < 1/2, then the system {L%a)(z)}%io is a basis of the space LY ()\g)
since, due to (V.3.5), the system {L%a)(zz)}%o:o is a basis of the space £(\y). The
system {L; 1/2)( )}09, is a basis in £71/2)()) because of the relation (3.10) and
the fact that the system {Hay,(2)}952, is a basis in £(Ag).

3.3 Now, as an application of (V.3.7), we are going to prove a proposition
which could be considered as a generalization of (IV.5.2).

(V.3.8) Suppose that 0 < \g < co,a € R\ Z~ and f € LY()\y). Denote by
{a&f‘) ()52, the coefficients of the series in the Laguerre polynomials {L%a) (2) 5%,
representing the function f in the region A(\g) and let 0 < A < Ag.

(a) If « is not an integer, then

1

21, 7(104) sin o

(3.11) o (f) = /M(—z)aexp(—z)Lgm(z)f(z) dzn=0,1,2,..;

(b) for k=0,1,2,...,

k
(3.12) ol = 2(_?,{) /()\)(—z)kexp( 2)log(—2) LM (2) f(z)dz, n=0,1,2,....
mily,’ Jp
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Proof. Since £ (\g) = L(\g), we have |f(2)| = O(p(X;z,y)) for A € (0, \o)
and for z = x + 4y € A()). In particular, |f(z)| = O(exp(x/2)) on the parabola
p(A) = OA(N). Therefore, the integrals on the right-hand sides of (3.11) and (3.12)
are absolutely convergent for n =0,1,2,... provided 0 < A < Aq.

From [III, (2.10)] it follows that a%aﬂ) = a%a) —agfi)l, n=0,1,2,.... Moreover,
o0

the equalities [IV, (5.8)] give that f(z) = —Za%ojr)l(f)l}%aﬂ)(z) for z € A()\g) and,
n=0

hence, a%aﬂ)(f') = —agi)l(f), n=20,1,2,....

Suppose that the part (a) of the proposition holds if « + 1 € R\ Z. Integrating
by parts we obtain
22'I((]a+1) sin(a + 1)7r.aéa+1)(f)

=/ [—(a+1)(=2)%f(2) + (=2)*" f'(2)] exp(—2) dz.
P(A)

Since I(()a+1) = (a+ 1)Iéa) and sin(a + 1)m = —sinamr, we find that
(a-+1) 1 « (1) ) 1
Qg = Q) - (—2)" exp(—2) f(2) dz + aq (f)-
2t1, " sinam Jp\)

Since a((]a)(f) = aéaﬂ)(f) + aga)(f) = a((]aﬂ)(f) — a((]aﬂ)(f'), we conclude that

a'® -t —2)%exp(—2)f(z)dz.
@(f) /M< )9 exp(—2)f(2)

a QiIO(a) sin o

The above reasoning shows that if (a) holds for a + 1 and n = 0, then it holds
for v and n = 0 too.

Suppose now that (a) holds for aw + 1 and for some n > 1. Then, having in
mind (3.6) as well as the relations (n + a + 1)/ = 1/]7(104), (n+ 1)/

—1/1%%,, n=0,1,2,..., we find that

Q ]- 6% Q
a% +1)(f) — 2T sin(a T O /p()\)(_z)( +1) exp(—Z)L% +1)(z)f(z) dz
1 01 [0
~ s [ (A el o DLV (0 DL )
n p

1

21 7(104?1 sin am

— d(f) / (—2)® exp(—2) L' (2) (=) d.
PN

Since a,(lojr)l(f) = a%a)(f) - a%aﬂ)(f), we get finally
(@) 1 a (a)
ap i1 (f) = %Ly snon p(A)(—Z) exp(—z)Ly{, (2) f(2) dz.
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It means that if the part (a) holds for &« + 1 € R\ Z, then it holds for « too,
i.e. it is sufficient to prove it when o > —1.

As in the proof of (I1.2.4), denote by R +io (A, R) the points of intersection
of the parabola p(A) and the line Rez = R > 0. Since |f(2)| = O(exp(R/2))
for z = R+ iy € A(N),0 < A < Ay, the Cauchy integral theorem yields that the
integrals in (3.11) and (3.12) in fact does not depend on A € (0, Ag). But if a > —1
is not an integer, then

1
S S T, / (=) exp(—2) L (2) f(2) d=
22’[}10‘) sin ar A—0Jp(\) "

1 (0.]
— _Gﬁt/% taexp(—i)Lgm(tlf@)dt,712:07172w__,
I, 0
and the validity of the equalities (3.11) follows from (IV.5.7).

If a = k is a nonnegative integer, then

(=DF k (k)

lim —z)Vexp(—=z)log(—2z)Ly" (2)f(2)dz
oo i [ (9 e g2 L))
:_k;/ t"exp(—t)Ly (1) f(t)dt, n=10,1,2,...,

Ifl) 0

and, thus, we arrive to (3.12).

Remark. If f(z) =1, then a(()a) =1 and (3.11) yields that for A € (0,00) and

a €R\Z,
(3.13) / (—2)%exp(—2) dz = 2iT'(a + 1) sin o,
PN
and
(3.14) / ZF exp(—2z)log(—z) dz = 2mi.k!.
p(A
for k=0,1,2,...

Let us consider as an example the entire function exp((z). If Re( < 1/2, then
it is in the space L£(oo) since exp((z?) € H(oo). Therefore, for each @ € R\ Z~
it has a representation by a series in the polynomials {Lgla)(z)}%io in the whole
complex plane. Denote by {aif‘)(g )}o2, the coefficients of this representation.
Then the Rodrigues formula for the Laguerre polynomials in the region C\ [0, c0)
[I, Exercise. 5, (c)] as well as the representations (3.11) give that if & € R\ Z, then
(n=0,1,2,...),

(="

2@71']73 ) sinar

ay’(¢) =

| explca (-2 exp(-2)) " .
P(A)
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Integrating by parts we obtain

Cn
- 2il(n+a+ 1)sinar

[ ot en-- g e
p(N)

If { = ¢ isreal, ie. £ € (—00,1/2), then

(@) er /(1 =&)" (] — N axpl— (1 — )2 da
4O = G Lt 1)sman 2O Rl - )2

By substituting (1 — &)~ !z for 2, the parabola p(\) is transformed into the
parabola p((1 — £)'/2)) and, therefore,

&)1 = gyt

(@) — )\t —2)d
an () 2il'(n+a+ 1)sinar /p((l_g)l/zA)( ) expl=2) dz.

Since n + a € R\ Z, (3.13) gives that
(3.15) ap (&) =(1-€ U=¢/1-€)" n=0,1,2,...

For n = 0,1,3,..., aﬁf‘)(g) and (1 — )~ 17%(—=¢/(1 — ¢))" are holomorphic
functions of ¢ in the half-plane Re ( < 1/2. From (3.15) and the identity theorem
it follows that they coincide in this half-plane, i.e.

a%a)(C> - (1 - g)_l_a(_C/(l - C))n> n=0,1,2,....

Hence, we have the representation

(316) (1= exp(Cz) = > (=¢/(1 = O)"Li”(2), Re¢ < 1/2, z€C.

n=0

Its validity was proved under the assumption that a € R\ Z, but it remains
true for each a € C and we leave the proof of the last assertion as an exercise to
the reader.

We have already seen that the function exp(2%/2) is not in the space H(oo) and
that is why the function exp(z/2) is not in the space £(®) (o) for any a € R. Since
lim)_,; /5o €xp(2z/2) uniformly on every compact subset of C, the space LY (c0)
considered with the topology induced by that of the space H(C) is not closed in
H(C), i.e. it is not a Fréchet space.

Remark. Setting —(/(1 — ¢) = w in (3.16), we obtain the representation [II,
(2.4)].

3.4 The representation by series in Laguerre polynomials of some classes of
holomorphic functions can be obtained without using (V.3.7). Of course, this
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Expansions in series of Laguerre polynomials

proposition ensures the existence of the corresponding expansions but the way we
are going to follow leads to integral representations of their coefficients in terms
of the Laguerre associated functions.

(V.3.9) Suppose that 0 < A < oo, € R\Z™ and let F' be a locally L-integrable
complex-valued function on the ray (—oo, —\3]. If F satisfies the condition:

Y
(3.17) / [F(8)] (=)@ dt < o0, o(a) = max(—1,a/2 — 5/4),

—00

then the function

(3.18) () = L/ F) 4 2 e e\ (oo, -2

C2mi f_ t— 2

is representable for z € A()\y) by a series in the Laguerre polynomials {Lgla) (2)}02,
with coefficients

1 —A
(3.19) o= [ POMO @)t =012, ..
2wl J—

Proof. From (3.17) and the asymptotic formula [Chapter III, (3.1)] it follows
immediately that the integral in the right-hand side of (3.19) is absolutely con-
vergent for n = 0,1,2,.... We replace ¢ by ¢ in [Chapter III, (4.10)], multiply by
(2mi) "1 F(t), and integrate on the interval (—oo, —A2]. Thus, we obtain that

14
F(2) =" anLi?(z) + REV(2), z€C\ (=00, —A3], v=0,1,2,...,
n=0

where a,, n=0,1,2,... are given by the equalities (3.19),

=2 A(@)
R,(/O‘)(Z)_L/ OMCI@ v=0,1,2,...

s o t—z ’

and A(@(z,t) is obtained from [Chapter I, (4.28)] by substituting ¢ for ¢.

The asymptotic formula [Chapter III, (2.1)], the inequality [Chapter III, (5.1)]
and the condition (3.17) yield

X
B = 02 exp{—2a ~ Re(—2) v} [ [P at),

for z € A(Xg) \ [0, 00) and, hence, lim, R,(,a)(z) = 0. This means that the series

in the Laguerre polynomials {L(na)(z)}?lio with coefficients (3.19) is convergent in
the region A(XAg) \ [0,00). From (IV.2.1), (a) it immediately follows that this
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Series representation of holomorphic functions. . .

series converges in the whole region A(\g) and, moreover, that it represents the
function f there.

If 0 < \g < oo, then we denote by V()\g) the half-plane Re z > —\2 and define
V(o) = C.

(V.3.10) Suppose that 0 < A\g < oo, € R\ Z~ and let f € H(V(\o)). If
lim, ey ()), 200 f(2) = 0 for any X € (0,)¢), then the function f is representable

for z € A(\o) by a series in the Laguerre polynomials {Lq(la)(z)}%io with coefficients

—A24i00
(3.20)  an = L/ T HOMO () de, A€ (0,0), n=0,1,2,....

27TZ'L(»LO[) —A2—jco

Proof. The function f has the representation

A2 4i00
(3.21) flz) = ——— 1) e zevin.

21 ) _ye_joo C — 2

in any half-plane V/(A),0 < A < A.

In order to prove this, we denote by —A? £ u(\, R), u(\, R) > 0 the points of
intersection of the line Re z = —\? and the circle C'(0; R) with R > max(A\?,|z]).
If I'(\, R) is the positively oriented arc of the circle C'(0; R) lying in the half-plane
V(A), then the Cauchy integral formula yields

3.22 f(z) =—5—= - =%
( ) (2) 2w J x2—ju\R) C— % 21t JraR) € — 2

Y (SR / /Q)

If M(\, R) = max{|f(¢)| : ¢ € T'(\,R)}, then

1 / &dC‘ZO(RM(A,R))

2i rOR) G — 2 R — |2]

and, since limp_,oo M (A, R) = 0, the representation (3.21) is a corollary of (3.22).
Further, the Christoffel-Darboux formula [Chapter 111, (4.30)] gives

e 1

(3.23) C2mi(C—2) | 2mil®

L6 (2) MM (O £(€)

14

==Y UM Q)

~ i I\

B Ay(z,¢) f(C)
2mi(¢ — z)

Using the asymptotic formula [Chapter III, (3.2)] we prove easily that the
integral in (3.20) is absolutely convergent for each n > 1, and then (3.23) yields
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Expansions in series of Laguerre polynomials

that it exists for n = 0 too. Moreover, by integrating the equality (3.23) on the
line ¢ = —\? + i1, —00 < T < 00, we obtain that for 2 € V/(\),

(3.24) Z an L\ (2) + Ry (s 2),

where an, n=0,1,2,..., are given by the equalities (3.20) and

—A24i00
Ry(asz) = - [ 77 Az 4

21t J_xe—ico (—z

_ (v + 1)L(a)(z) /OO Mu+1( A2 +47) (=A% +i7)

d

o [\ 2+ A2 —ir ’

(v + D)LY / My (=X 4 in) f(-N +iT)
Qﬂj(a 24+ N2 —ir

= Ry (052) + Ry (03 2).

If z € A(X), then [Chapter II1,(2.3)], [Chapter III, (4.1)] and Stirling’s formula
yield

(3.25)  |RY(a;2)| = o{,ﬁ(a) exp[2 Re(— )1/2\/’]/ | MY, (=N + i7) dT},
where s(a) depends on « only.

As a corollary of the integral representation [Chapter III, (2.4)] we obtain the
inequality

o0 o0 o0 tV+1+O[ —t
/ M (=X i) | dr < / {/ exp( 1) dt} dr
oo —o Lo [(t+/\2)2—|—7-2](1/+2)/2

> > dr ilia
RN [<t+v>2+ﬂ]<y+2>/2}’f FIH exp(—1) d.

Setting 7 = (t + A\?)u, —00 < u < oo, we get that

o0 V4140 _ o0
/ M, (— )\2+w)|d7</ £ expl t)dt/ : du
J— 0 —

(t+ \2)r+l oo (1 +u2)v+2)/2
O T exp(—t)dt [ du 1 ve
S/O (t + \2)rH /OO T+ =My (=A).

Further, from the asymptotic formula [Chapter III, (3.1)] as well as from
(3.25), we have that lim, R(Vl)(a; z) = 0. In a similar way we prove that
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limy o0 R (a; 2) = 0 for z € A(N). Then (3.24) yields that the function f is rep-
resentable in the region A()) as a series in the Laguerre polynomials {L%a)(z)}%io
with coefficients given by the equalities (3.20). Since A € (0, \g) was arbitrary, the
assertion follows from (IV.5.4).

A proposition like (V.3.10) holds under weaker hypothesis on the growth of
the function f in the half-planes V/(A),0 < A < Ao.

(V.3.11) Suppose that 0 < Ay < oo, € R\ Z~ and that f € H(V(\)). If
there exists ¢ € R such that for each A € (0, ), |f(z)] = O(|z|?) when z — oo in
V()A), then the function f is representable as a series in the Laguerre polynomials
{L%a)(z)}%ozo in the region A(Xg). Moreover, if k > q+1 is a positive integer, then
the coefficients {an}° ;. of this representation are given by the equalities (3.20).

Proof. It is easy to prove that if A € (0, Ag) then

L /”H‘O@ f(©)

271 —\2—ico (C—z)k"‘l

f®) = d¢, z € V().
Differentiating the Christoffel-Darboux formula [Chapter III, (4.12)] with re-
spect to z and using [Chapter IV, (5.8)], we obtain that for v > k

K CUMIO) e
(C =zt &= [ n-k

(3.26)

i Sk —s)\ (v a+s « a+s o
2 (k> EUE I D (09 ()M ) - B M Q-

c~\s (¢ — z)k*“llﬁa)

As in the proof of (V.3.10) we obtain the equality

(0. 9]

P ) =S (~DFan L P ), 2 e AW,
n==k

where {a,} ", are given by (3.20). We integrate k-times the last representation
o0

and obtain that f(z) = P,_,(z) + ZanL%a)(z), where Pj._, is a polynomial of
n==k

degree less or equal to £k — 1. Notice that the termwise integration is possible

(0.}
since each of the series ZanL%aj;)(O),p =0,1,2,...,k, is convergent. Indeed, if

n=p
A € (0, ), then —limsup,,_,~(2y/n) 'log|ay| > A and, moreover, L%ajg)(o) =
(n * a) = O(n®*?) when n — oo.
n—p
Since deg L%a)(z) =nforaeCandn=0,1,2,..., the system of the Laguerre

polynomials {L%a)(z)}%io is linearly independent, i.e. it is a basis in the space of

142



Expansions in series of Laguerre polynomials

all polynomials. In particular, P,_,(z) is a linear combination of the polynomials
(LY ()12

An example illustrating the proposition (V.3.12) is the function zP exp(—oz),
where p is a positive integer and o > 0. It shows that there exists an entire function
satisfying the condition |f(z)| = O(|z|P) in every half-plane V' (\),0 < A < oo, but
not in V' (o0) = C.

(V.3.12) Suppose that 0 < A < oo, € R\ Z~ and let F be a locally L-
integrable complex function on the parabola p(\). If F' satisfies the condition:

(3.27) / 7@ F(O)ldm(\) < o0, o(a) = max(—1,a/2 — 5/4),
pA)
where m(\) is the Lebesgue measure on p(X), then the function
1 F
(3.28) 10 =5 [ ot zeca)

is representable for z € A(\) by a series in the Laguerre polynomials {L%a)(z)}%io
with coefficients

(3.29) an = / M (¢)d¢, n=0,1,2,.
27mI

Proof. Notice that the integrals in (3.28) and (3.29) do exist and this follows
from (3.27) as well as from the asymptotic formula [Chapter III, (3.2)]. Then the
Christoffel-Darboux formula [Chapter III, (4.30)] yields the representation f(z)

14
= ZanL%a)(z) + rl(,a)(z), where ap, n=0,1,2,..., are given by (3.29) and

271 (—=z

Furthermore, Stirling’s formula and the asymptotic formulas for the Laguerre
polynomials as well as the inequality [Chapter III, (5.1)] imply that if z € A(A),
then

P& _ 2 ox _ Re(—\Y2\ /5 af2—5/4 m
()] = { p[-2(A — Re(~2) m/pw\cr P(O)ld <A>}

(@)
(Ol)( ) L/ Al/ (ZJQ)F(C) dc’ 1/:0,1,2,”--
PN

and, hence, lim,_,~ T,(/a)(z> =0.

Remark. Schwarz’s inequality enables us to replace the hypothesis (3.27) by
the following one:

(3.30) 4 T RO am ) < oo
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(V.3.13) Suppose that 0 < A\g < 0o, € R\ Z~ and let the function f
€ H(A(XN)) satisfy the conditions:

(a) for each A € (0, Ag) there exists 6(A) > 0 such that | f(z)| = O(|z|//2=9(N)
when z — oo in A(N);

(b) / 7@ £(2)|dm(A) < 00, 0 < A < Ao, (@) = max(—1,a/2 — 5/4).
P(A)

Then f is representable for z € A(\g) by a series in the Laguerre polynomials
{L%a)(z)};'lio with coefficients

1

= M d¢, n=0,1,2,....
— /p MOS0

Proof. For A € (0,\y) we have the integral representation

(3.32) F(z) = — / 1O 4o 2 e am.

a 271 p()\) C— —Z

Indeed, if z € A(\) is fixed, then for p > max(1,2\?,|z]),

1 f(©) L f(©)
= _— L) g+ — d
f(Z) 2 /1—‘()\7/7) C— VA g+ 271 /Y(/\’p) C— z C’

where I'(A, p) and (A, p) are as in the proof of (IV.2.1). If [(), p) is the length
of v(X, p), then I(A, p) = O(y/p) when p — oo and, hence,

/ f(_g) dC‘ _ O(p_é()\)) =o0(1), p — 0.
YA & T2

From (V.3.12) it follows that for A € (0, Ag) the function f is representable in
A(N) by a series in the Laguerre polynomials {L%a)(z)}%io with coefficients given

by the equalities (3.31). Therefore, the assertion we wish to prove is a corollary of
(IV.5.4).

Remarks: (1) It is clear that the condition (a) can be replaced by the re-
quirement

(3.33) / FOldm(N) = o(p), p — oo,
YA, p)

(2) It seems that the conditions (a) (respectively (3.33)) and (b) are indepen-
dent. For instance, if & = 1/2, then the function f(z) = (z + A2)%,0 < Ay < o0,
with 0 < § < 1/2 satisfies (a) but not (b). It is not clear, in general, whether the
validity of (b) implies (a) (or (3.33), respectively).
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Expansions in series of Laguerre polynomials

(V.3.14) Suppose that 0 < \g < oo, > —1 and f € H(A(Ny)). If for each
A € (0,)\) there exists §(X\) > 0 such that |f(z)| = O(|z|7/27%N) when z — oo
in A()\), then the function f is representable for z € A()\g) by a series in the
Laguerre polynomials {L%a)(z)}%ozo with coefficients given by (3.29).

Proof. Since the function f is in the space £(\g), from (V.3.6) and (V.3.7)
it follows that it has an expansion for z € A()\g) in a series of Laguerre polyno-
mials with parameter a. Moreover, (IV.5.3) and [Chapter I, (3.1)] yield that the
coefficients of this expansion are

an / [ exp(—)} ™ f(t) dE, n = 0,1,2, ...
n'I

It is easy to see that if ( = £ +in € p(\) and 0 <t < co then |¢ — ¢[?
> 4n? = (E+202)2if € < 0and [ —t]* > n? = 4\?(E+ \?) for € > 0. Therefore,

/ ds
o~ ¢ — t[2n+2

O ((€+20%) /(€ + M)/ % ((€+2)2) /(6 + X))/
SQ[y €+ 2x2)n ‘%+QA (I2(E 1 X2)ymit

forn=0,1,2,....
For A € (0, A\g) we have

dg

(3.34) fM(z) = 1’ /(A) (CL d¢, n=0,1,2,...

2mi Jp — z)Hl

provided z € A(N).

In particular, if z = ¢ € [0, 00), then Schwarz’s inequality gives

() nly? ds
0w < (5) [ R [ < Ko,

where K (A, n) is a constant depending on A and n only. Then, after integration
by parts, we obtain that

oy = /OO "% exp(—t) f™@(t) dt, n=0,1,2
n — (O[) p 9 n = I I AR
n!ly " Jo

and, having in view (3.34), we come to the following integral representation of the
coefficients a,, n =0,1,2,...

1 ® e g f(©) }
(3.35) ap = —QWiI,(La)/o t" T exp( t){/p(/\) o d¢ ¢ dt.
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> £ (O]
n+o —d _ AL g
/0 t" T exp(—t) t/p(}\) PaaTE 5 < 00,

the multiple integral in (3.35) is absolutely convergent and changing the order of
integrations we obtain finally (n =0,1,2,...)

= —; = W d } d¢ = 1 M(a) d
n 2m~l1(104) {/0 (t — )t tef(C)d¢ 27rz'I,(1a) /p(A) n (€)f(¢)dC.

Since

Remark. If a < 3/2, then the proposition (V.3.14) is a particular case of
(V.3.13) since o(a) < —1/2.

3.5 So far we have considered series expansions in Laguerre polynomials of
holomorphic functions defined by means of Caychy type integrals, and we have
got integral representations of the coefficients of these expansions in terms of La-
guerre’s associated functions. Now we shall see that under certain conditions the
existence of such representations is equivalent to the representations of the sums
of the series into consideration as Cauchy type integrals.

For a function f € H(A(N)),0 < Ay < oo, we say that it is representable as

a Caychy type integral in the region A(\), if the equality (3.33) holds for every
A€ (0,)) and z € A(N).

(V.3.15) Suppose that 0 < \g < oo, € R\ Z™ and let f € H(A(\o)) be such
that

(3.37) /p Qs < oo

for A € (0, o). Then in order that f has an expansion for z € A()g) in a series
of the Laguerre polynomials {L%a)(z)},‘f’:o with coefficients given by the equalities
(3.32), it is necessary and sufficient f to be representable as a Cauchy type integral
in the region A(\).

Proof. From he asymptotic formula [Chapter II1,(2.3)], the inequalities [Chap-
ter 111, (4.1)], [Chapter III, (5.1)] and Stirling’s formula we obtain that for each
A€ (0,)\) and z € A(N),

(3.38) (IS) LYY (2) MYV (C)] = O{na@|¢|*/2 Y/ exp[—2(A—Re(—2)/?)V/nl},

uniformly with respect to ¢ € p(\), where a(a) depends on « only. This estimate
yields the following representation of the Cauchy kernel:

(339 L= M), 2 € AX).CE ).

(—2 n—o In
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Moreover, if z is fixed, then the series in the right-hand side of (3.39) is uniformly
convergent on each finite arc of p(\).

Suppose that the function f € H(A(\y)) satisfies (3.37) and that it has Cauchy
type integral representation in the region A()g). Then from (3.38) it follows that
after multiplying the series in (3.39) by f({) we obtain a series which can be
integrated term by term on p(A). Therefore, f has an expansion in a series of
the Laguerre polynomials {L{"(2)}22, in A()), with coefficients given by the
equalities (3.32). Since this is true for any A € (0, \g), the sufficiency is proved.

Conversely, suppose that (3.37) holds for the function f € H(A(\)) and that
it is representable for z € A()) by a series in the polynomials {L%a)(z)}%io with
coefficients (3.32). Then by means of (3.38) we come to the conclusion that for
the equality (3.33) holds for A € (0, \g) and z € A()\), i.e. f is representable as a
Cauchy type integral in the region A(\g).

4. Representations by series in Laguerre and Hermite
associated functions

4.1 Suppose that 0 < gy < 0o, € R\Z~ and denote by M (¥ (1) the C-vector
space of the complex functions which are holomorphic in the region A*(1) and are
representable there by series in the Laguerre associated functions {M" (2)}22,.
Since the last system has the uniqueness property [(IV.5.10)], it is a basis in each
space M@ (pg) with 0 < p1g < oo and o € R\ Z~. It is easy to prove that, in fact,
M@ (119) is a proper (vector) subspace of H(A*(u)). This assertion is a corollary
of the following proposition:

(V.4.1) If 0 < po < 0o, € R\ Z~ and f € MY (), then for p € (pg, 00)
and z € A*(p),

(4.1) |f(2)] = O(|z[mx(-Le/271/0)

Proof. Suppose that the representation [Chapter III, (4.17)] holds for the
function f € H(A*(uo)) in the region A*(ug). If pg < p < 0o and 0 < € < p — po,
then there exists a constant B such that |b,| < Bexp[2(uo+e)yv/n], n=0,1,2,....
Ifk > v(a) = max(1, —a/2—3/4, —a—1) is an integer, then the asymptotic formula

[Chapter I1I, (4.17] and the inequality [Chapter III, (5.1)] give that for z € A*(u),

k 00
1F(2)] <D balMEY () + D [bal MY (2)]
n=0

n=k+1

o

= O(|21™") + O(|2|*/* 71 37 expl-2(p — po — £) /)

n=k+1

— O(|Z|max(—1,a/2—1/4)>'
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Remark. A growth characteristic of the functions in the space M@ (pg) is
not known at the present. The solution of this problem, i.e. the ”discovery” of a
proposition like (V.3.7) is, undoubtly, of considerable interest.

4.2 The series representations in Laguerre associated functions of some classes
of holomorphic functions can be obtained by means of the asymptotic formulas
for the Laguerre systems and the Christoffel-Darboux formula for these systems.
In particular, for the expansions of functions defined by Cauchy type integrals is
typical that their coefficients can be expressed in terms of Laguerre polynomials.

(V.4.2) Suppose that o € R\ Z~ and let F' be a locally L-integrable complex
function on the ray [0,00). If |F(t)| = O(tP exp(—t/2)) for some 3 < (o —1)/2
when t — oo, then the function

1 [ F(t)

(4.2) f(z) = “omi Edt’ z€C\[0,00)

is representable for z € C\ [0,00) = A*(0) as a series in the Laguerre associated
functions {My(la)(z)}%';o with coefficients

1 o0
(4.3) bn:———ai/ LY F@t)dt, n=0,1,2,....
2mily, " Jo

Proof. From [Chapter III, (4.30)] it follows that if z € A*(0), then

1 [ AYE ) F
‘/ By BAF®) o0
0

(4.4) f(z) = Z bnMT(La)(Z) + 5= y — 1

271

where A (¢, 2) is obtained from [Chapter 1,(4.28)] by substituting ¢ for z and z
for C.

By means of [Chapter III, (4.2)] and [Chapter III, (4.1)], respectively, we obtain
that if w > 1 and z € A*(0), then

oo| 7 (@) 00
/ ‘Lnt(t)F(t) ‘ dt — O(na/2+1/6/ 2 dt>
w -z w

and

(4.5) / i

where a(a) = max(a, /2 — 1/4). Further, the asymptotic formula [Chapter III,
(4.16)] as well as Stirling’s formula give that if z € A*(0), then

/Ooo M dt‘ = O{I/s(a) exp[—2 Re(—z)l/z\/;]},

M' ot = o(na<a> /0 ") dt),

t—z
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where s(a) depends on « only. The assertion follows from (4.4).

It seems that there is another way to prove a proposition like (V.4.2). More
precisely, let F'(t) = t® exp(—t)¢(t),« > —1 and let

o0
(4.6) p(t) =D LY (), 0 <t < oo.
n=0

Then we multiply by t“exp(—t)(z —t)—1,z € C\ [0,00), integrate on the ray
[0,00), and having in mind [Chapter III, (4.12)], we arrive to a representation of
the function (4.2) by a series in Laguerre associated functions.

Now we shall see that in this way it is not possible to obtain a generalization
of (V.4.2). Moreover, there are cases when the approach, just described, is not
applicable but the hypotheses of (V.4.2) are still satisfied.

Suppose that a > 1/2 and p(t) = t7 exp(t/2),0 < t < oo, where —1 —a <y <
—a/2 —5/4. For the coefficients of the series (4.6), i.e.

1 0.}
(4.7) by = @ / @ exp(—t) L' (t)(t) dt
n 0

1 o0
== / Lo+ exp(—t/Q)Lgla)(t) dt, n=0,1,2,...,
I, Jo
we have the asymptotic formula [G. SZEGO, 1, (9.5.22)]
(4.8) bp = {An~ 77+ B(=1)"n"}(1 + Bn),

where A # 0 and limy—. Gy, = 0.

Since —a/2—~—5/4 > 0 and a/2+7v—1/4 < 0, from (4.8) and the asymptotic
formula [Chapter III,(4.13)] it follows that the series (4.6) diverges for every ¢ > 0.
But the function F(t) = t*exp(—t)p(t) = t*"7 exp(—t/2) satisfies the condition
of proposition (V.4.2) since a +v < /2 —=5/4 < (e —1)/2.

(V.4.3) Suppose that 0 < pg < co,a« € R\ Z~ and let F' be a complex-valued
function satisfying the conditions of proposition (V.4.2) on the ray [—uZ,00).
Then the function

1 [ F(t)

(4.9) fe)=—g— | s dt 2€C\ [~ H5,00)
—Ho

is representable for z € A*(ug) by a series in the Laguerre associated functions
{Méa)(z)}%io with coefficients

1 0
(4.10) bn = — / LY Ft)dt, n=0,1,2,. ...
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Proof. Using the Christoffel-Darboux formula for the Laguerre systems, we
obtain that for z € C\ [—pu3, 00),

v o0 A
(411)  f(2) =D b MYV (2) + i/ Mdt, v=0,1,2,....

271 — 2 z—1

If w > max(1,2u3), then from the asymptotic formula [Chapter I1I, (2.3)] and
the inequality [Chapter III, (4.21)] it follows that

max  |L{Y (2)] = O(n* " exp(2p0v/n)),
2EDA (o, w)

where A(pp,w) ={z € C: Re(—2) < po, |2| < w}.

Further, the maximum modulus principle yields that the above estimate holds
for 2 =t € (—pd,w) and then, having in mind (4.5), we obtain

/w
— g

As in the proof of (V.4.2) we obtain that if z € A*(u), then

/‘OO
—pud

and the assertion follows from (4.11).

w

Ly (t)F(t)
z—1

‘ dt =0 (na(o‘) exp(2uov/n) /

— 3

1F(1)] dt>.

A (t, 2)F(t)
z—t

= 0 expl-2(Re(~)* - ) V7

(V.4.4) Suppose that 0 < pg < oo, € R\ Z~ and let F' be a locally L-
integrable complex function on p(ug) such that F(¢) = O((=¢)% exp(—()) for
some 3 < /2 + 1/4 when ( tends to infinity. Then the function

16) =5 | O 4, 2 e o\ pluo)
p

278 Jp(u) € ~ 2

is representable for z € A*(uy) by a series in the Laguerre associated functions
{Méa)(z)}ﬁfzo with coefficients

1
(4.12) by = @ / LW(OF(C)d¢, n=0,1,2,....
n ~ 7/D(to)

Proof. We give only an outline. If p > max(1,2u3) and T'(uo, p) is the arc
of p(uo) lying in the closed disk {z € C : |z| < p}, then the inequality [IV,(4.3)]
yields that

L (QOF(Q)] = O/ ¢|P=a/2 7 exp(2p0v/n))
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Representations by series in Laguerre and Hermite. . .

uniformly with respect to ¢ € p(uo) \ I'(10, p) when n tends to infinity. Therefore,
if z ¢ p(pp), then

/ Ly (QOF ()
P(io)

(—=z
Further, the asymptotic formula for the Laguerre polynomials in the region
C\ [0,00) yields

/F(uo,p)

provided z ¢ p(po)-
The assertion follows from the Christoffel-Darboux formula for the Laguerre
systems. Indeed, if z € A*(uo), then

/p(MO)

4.3 Recall that if 7 € R, then by H*(7) (H (7)) we denoted the half-plane
Imz>7 (Imz < 7). 0 < 79 < 00, then by G™(79) (G~ (70)) we denote the C-
vector space of complex functions which are holomorphic in the half-plane H* (1)
(H~(—79)) and have there expansions in series of the Hermite associated functions
{GF(2)}52, ({G,(2)}52,). Since each of the last systems has the uniqueness
property, {G}}(2)}5°%, is a basis in G*(79) and {G;, (2)}52, is a basis in G~ (19).

By the aid of the inequality [Chapter III, (5.4)] it is easy to prove that G* (1)
(G~ (70)) is a proper C-vector subspace of H(H ™" (7)) (H(H (70))). More precisely,
we have the following proposition:

'dmw = o(na/““ exp(2p0y/1) / 1¢[F=273/ dm ().
P(io)

LYF(Q)
(—=z

\ dmipo) = Ot expleoy/) [ LG m(u))

:uO7p)

AS(C,2)F(Q)C — 2| dm(p) = O(vM? exp{—2(Re(—2))/? — pyv/i'}).

(V.4.5) The functions f € GF¥(r),0 < 7y < 00, are bounded in the half-plane
H*(£7), whenever T € (15, 0).

A growth characteristic of the functions in the spaces G*(75),0 < 75 < 00, is
not known at present. The Christoffel-Darboux formula for the Hermite systems as
well as the asymptotic formulas for these systems give the possibility to obtain the
representations by series in Hermite associated functions of some classes of complex
functions which are holomorphic in half-planes of the kind H j:(7'0), 0 <71 < o0.
A typical example of this kind is the following proposition:

(V.4.6) Suppose that F' is a locally L-integrable function on the real axis and,
moreover, |F(t)| = O(|t| = exp(—t2/2)) for some § > 1 when |t| tends to infinity.
Then the function

(4.13) f(z)—i/oomdt,zec\ﬂ@

C2mi J_ ot —2
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is representable for = € H¥(0) by a series in the Hermite associated functions
{GF(2)}22,, with coefficients

1 o
Hy(t)F(t)dt, n=0,1,2,....
27_(_,&[”/_00 TL() () ’n ) ) Y

(4.14) by =

Proof. If T € (0, 00), then the asymptotic formula [III, (2.6)] yields

/ﬂST |Hn(t)F (1) dt = O((?n/e)n/2 /ﬂg 1F(1)] dt).

From the inequality [Chapter III, (4.5)] and the Stirling formula it follows that

/|t|zT |H, () F(t)] dt = O<n1/4(2n/e)n/2 /|t|zT |t|—5dt).

Therefore,
o0
| 0@t = 0w nger )
—0o0
when n tends to infinity, and the asymptotic formulas [Chapter III, (3.2)] and
[Chapter 111, (3.6)] give

/_O:O w ‘= % /_O;{H”(t)GfH(Z) — Hya (DG (2) j—itzf dt

= O(V1/4 exp(—|Im z|v2v + 1)), v — 0.

The assertion is a corollary of the Christoffel-Darboux formula for the Hermite
system.

5. Holomorphic extension

5.1 We say that a complex function ¢ defined on an interval (a,b), —oo < a
< b < 00, has a holomorphic extension in the complex plane if there exist a domain
D C C containing the interval (a,b), and a complex function ® € H(D) such
that ®(z) = p(z) a.e. (almost everywhere) in (a,b). Evidently, the uniqueness
of a holomorphic extension follows immediately from the identity theorem for
holomorphic functions.

Examples. (1) Suppose that ¢ € C*>((a,b)) and that for every compact
interval I C (a,b) there exist positive K = K(I) and r = 7(I) such that | (z)]
< Knlr7™™ for x € I and n = 0,1,2,.... Then, as it is well-known, ¢ has a
holomorphic extension in the complex plane.

(2) Suppose that ¢ € C((a,b)) and let Ey,(p; ) be the best approximation of ¢
on the interval I C (a,b) by means of (algebraic) polynomials of degree not greater
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Holomorphic extension

than n. If for every such I there exist positive Q = Q(I) and g = ¢(I) < 1 such
that En(e; 1) < Qq" for n =0,1,2,..., then ¢ has also holomorphic extension.

Now we are going to state sufficient conditions for measurable functions of one
real variable to be holomorphically extendable in the complex plane. We consider
the cases: 1) a = —1,b = 1; II) a = 0,b = o0; III) a = —00,b = oo and we
refer our requirements to the behaviour of the functions under consideration at
the ends of these intervals as well as to the asymptotics of their Fourier-Jacobi,
Fourier-Laguerre and Fourier-Hermite coefficients, respectively.

In order to give concise formulations of the corresponding propositions, we
introduce the following three classes of functions:

(I) The class U, 8)(a > —1,3 > —1) consists of all complex-valued measur-
able functions f on (—1,1) such that

/_1(1 _ 221+ 2)7f(2)] dr < oo,

(IT) The class V(a, d0,7)(ac > —1,0 < 1,7 > 0) consists of all complex-valued
measurable functions g on (0, co) such that the function exp(—dz)g(z) is essentially
bounded on (r,00) and, moreover,

.
/ z%g(z)| dz < oc.
0

(III) The class W (d,r)(6 < 1,7 > 0) consists of all complex-valued measur-
able functions h on (—oo,00) such that the function exp(—dx?)h(z) is essentially
bounded when |z| > r and, moreover,

/T Ih(z)] dz < co.

T

(V.5.1) Suppose that f € U(a, ) and define

1

(5.1) ol () = / (1-2)%1+2)° P (@) f(x)de, n=0,1,2,....

—1

If R(f) := {limsup,,_,~ |a§f"ﬁ)(f)|1/”}*1 < 1, then f has a holomorphic ex-
tension. More precisely, there exists a complex-valued function F which is holo-
morphic in the region E(R(f)) and such that F(x) = f(x) a.e. in (—1,1).

o
Proof. The function F(z) = Za%a’ﬁ)(f)Péa’B)(z) is holomorphic inside the
n=0
ellipse E(R(f)). Moreover, if we define
A ) = (1= 2)(1+2) (F(x) = f(2))
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for € (—1,1), then due to (5.1) we have

1
(5.2) / A(a’ﬂ)(x)P,ga’ﬁ)(w) de =0, n=0,1,2,....

—1

Since a + 4+ 2 > 0, deg Pﬁa’ﬁ) =n for each n = 0,1,2,... and, hence, the
system of Jacobi polynomials {Péa’ﬁ ) (2)}5°, is a basis in the space of all (algebraic)
1

polynomials. Then the equalities (5.2) yield that / ACH (2)a" dx = 0 for n =
—1

0,1,2,... and, therefore, as it is well-known, A(a’ﬂ)(a?) =0 a.e. in (—1,1), ie.
F(z) = f(x) a.e. in (—1,1).

(V.5.2) Suppose that g € V(«a,d,r) and define

(0. ¢]
(5.3) B\ (g) = / 2@ exp(—2) L\ (2)g(z) dz, n=0,1,2,. ...
0
If Ao(g) := —limsup,_,(2v/n) 'log|[b\] > 0, then g has a holomorphic

extension. More precisely, there exists a complex function G which is holomorphic
in the region A(MAo(g)) and such that G(x) = g(z) a.e. in (0,00). Moreover,
for every A € [0,)g) there exists a positive constant M(\) < oo such that the
inequality

(5:4) lg(x)] < M(X) exp(z/2 — AWx)
holds a.e. in (0, 00).

Proof. If we define B,(za)(g) = (I,(la))_lb%a)(g), n =0,1,2,..., then Stirling’s
formula gives that

— limsup(2v/n) " log | B (g)| = — limsup(2v/n) " log [b" (g)|.

n—oo n—oo
From the Cauchy-Hadamard formula for series in Laguerre polynomials we
(0.}
obtain that the complex function G(z) = ZB,(LO‘) (9)L{Y(2) is holomorphic in the
n=0

region A(Ag(g)). Moreover,

o0
(5.5)  Bi™(g) = I / 2@ exp(—2) LY (2)G () dz, n=0,1,2,....
0

We define B (z) = 2%exp(—z)(G(x) — g(x)) for € (0,00) and then the
equalities (5.3) and (5.4) yield

0
/ B ()L (z)dz =0, n=0,1,2,....
0
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Since deg L%a) =n, n=20,1,2,..., for every a € C, the system of Laguerre
polynomials {Lgf‘)(z)}%io is a basis in the space of the polynomials and, hence,

oo
(5.6) / BY(g)z"dz =0, n=0,1,2,....
0

Since a« > —1, (V.3.6) implies that the function G is in the space L(Ao(g)),
i.e. for every A € [0, \o(g)) there exists a positive constant M = M (\) such that

(5.7) G(2)| = |G(z +iy)| < M(X) exp{p(A;z,y)}

provided z € A()). In particular, |G(x)| < M(0)exp(z/2) for € [0,00) and we
obtain that |B®(z)| < Bexp(—(1 — o)x) for € (r,00), where B is a constant
and o = max(1/2,0). Therefore, the Fourier transform

o
B (w) = / B9 (z) exp(iwz) dz
0

of B@(x) is a complex-valued function which is holomorphic in the strip S(1— o).
Moreover, from (5.6) it follows that the function B(®(w) and all its derivatives
vanish at the point w = 0. Hence, by the identity theorem for holomorphic
functions, B (w) = 0 for w € S(1 — o). Then the uniqueness property of the
Fourier transform yields that B(¥(x) = 0 a.e. in (0,00), i.e. G(z) = g(x) a.e. in
(0,00). It remains to note that (5.4) follows from (5.7).

(V.5.3) Suppose that h € W (4, r) and define

en(h) = /OO exp(—x?)Hy(x)h(z)dz, n=10,1,2,....

—00

If 7o(h) := —limsup,_,(2n + 1)"Y2log|(2n/e)""/2¢c, (k)| > 0, then h has
a holomorphic extension. More precisely, there exists a complex-valued function
H which is holomorphic in the strip S(7o(h)) and such that H(z) = h(x) a.e. in
(—00,00). Moreover, for every T € [0,7y(h)) there exists a positive number N ()
such that the inequality

(5.8) |h(z)] < N(7)exp(z?/2 — 7|z])
holds a.e. in (—o0, 00).

The proof of the above proposition is similar to that of (V.5.2). In particular,
(5.8) is a corollary of (2.32).

5.2 A complex-valued function f, defined on a (nonempty) set E C C, is called
a locally Holder function (briefly LH-function) on FE if for every ( € F there exist
a (circular) neighbourhood U of (, a positive constant K, and a positive number
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Series representation of holomorphic functions. . .

w (usually assumed to be less or equal to 1) such that | f(¢1) — f(()| < K¢ — G*
whenever the points (; € ENU,j=1,2.

Remarks. (1) U, K and p may depend on the point ¢ € E.
(2) A LH-function does not need, in general, to be a (globally) Hélder function.

We say that a complex-valued function f which is continuous on a Jordan
curve v C C has a holomorphic extension in the interior G(y) of  if there exists

a complex-valued function F' € C(G(vy)) N H(G(v)) (i.e. F is continuous on the
closure of the region G(y) and holomorphic in G(v)) such that F({) = f(() for

¢ €n.

Remark. It is clear that the holomorphic extension of a given function is
unique provided it exists.

The following proposition is a classical criterion for existence of holomorphic
extensions (see, e.g., B.JA.LEVIN, Distribution of Zeros of Entire Functions, AMS,
Providence, Rhode Island, 1964, p.211. THEOREM 17).

(V.5.4) Suppose that v C C is a smooth and positively oriented Jordan curve
and let f be a LH-function on it. Then the following propositions are equivalent:

(i) f has a holomorphic extension in G(v);

(5.9) (i) | S g — 5¢), ¢ e v:

i Jyw —C
(iii)/f(w)wndw:Q n=0,1,2,....
v

Remark. The integral in (5.9) is understood as a principal value in the Cauchy

sence, i.e.
ﬂ dw := lim/ M dw,
y WG =0 \y(¢:) W — €

where v((;9) := yN{w : jlw—| < ¢}, and its existence follows from the assumption
that f is a LH-function on 7.

If v is a smooth Jordan curve in the extended complex plane C = C U {o0}
which passes trough the point of infinity, then, in general, the above propositions
are not equivalent. Here are two examples which illustrate this.

(I) The function f(z) = exp(—x?), = € R, has a holomorphic extension both
in the upper and in the lower halfplane, but

o0
/ exp(—x?)x*"dxr #0, n=0,1,2,....

—00
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Moreover, since the function z~!exp(—z?), € R\ {0}, is odd, we have

00 2
/ X 4,

o0 x
i.e. in our case the singular integral equation (5.9) is not satisfied.

(IT) Define s(z) = x~ 6% sin(2rlogz) for z > 0 and s(0) = 0. As it is well-
known [I.P.NATANSON, 1, p. 461: Example(Stieltjes)],

o0
/ s(x)x"dr =0, n=0,1,2,....
0

Define f(z) = s(z) for z > 0 and f(z) = s(—=z) for z < 0. It is clear that f
is continuous on R and ffooo f(x)z®™ =0, n=0,1,2,.... Moreover, since f is an

(0.¢]
even function, it follows that / f(x)z*" ' dr =0, n=0,1,2,....
—00

If we suppose that f has a holomorphic extension F' in the upper half-plane,
then F(—1) = f(—1) = s(1) = 0. But F(z) = exp(—(log2)?)sin(27 log z) when
Im z > 0, hence, lim,_,_; F(z) = exp(n?) sin(27%i) # 0 which is a contradiction.

Remark. In each of the above examples the function f is even (global) Lipshitz
function, since its derivative is bounded on the whole real axis.

5.3 Suppose that 0 < A < co. A Jordan curve v C C \ [0,00) passing trough
the point of infinity is called A-admissible if sup e\ {0} Re(—(¢ )1/ 2=\ It is clear

that if v is A\-admissible, then A(\) is the smallest closed domain which contains
~ provided the closure of A(\) is formed with respect to the extended complex
plane.

Further, we denote by G(v) that component of C \ v which lies in A(A) and
call it the interior of . We suppose that ~ is positively oriented with respect to

G(v)-

(V.5.5) Suppose that vy C C is a A-admissible smooth Jordan curve and let f
be a LH-function on ~ \ {oo} such that |f(w)| = |f(u + iv)| = O(Jw|? exp(—u))
for some 3 € R when w = u + v tends to infinity. If

(5.10) /f(w)w”dw:(), n=0,1,2,...,
Y

then f has a holomorphic extension into the region G(7).

Proof. Define

S

—z

Fy(z) = L,/v FW) 4. 2 € Gy

and
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It is easy to prove that for each ¢ € v\ {oo} there exist the limits

(5.11) lim P(2) = 5 f Ldw+31(0),
oy L[S ]
(5.12) i () = 5 / =) dw = 3£(6).

Indeed, there exists § > 0 such that v((; ) is a smooth Jordan arc and, more-
over, the function f satisfies a Holder condition on ((). If we define

1 f(w) |
<513) (f7 ) 27TZ [y(ga) w—z dw’ z€C \ 7(C75)7
and

1 f(w)
(5.14) Us(f;2) = 27TZ/7\7§5)UJ Zdw zeC\ (y\7(¢9)),
then there exist
- 1 f ( )
- 1 fw) 1
(5.16) e P | s 3O
and
- 1 f(w)

5.17 1 Us(fi2) = 5= dw.
o1 = N2

Since y(f; 2)+ Wy(f: 2) = Fy (=) for 2 € G(y) and y(f; 2)+ Wy f: 2) = F(2)
for z € G*(7y), the equalities (5.11) and (5.12) follow from (5.13), (5.14), (5.15),
(5.16) and (5.17).

If we choose a real @ > 23 — 1/2, then § < a/2 + 1/4. Hence, we can assert

that the representation
(0. 9]
=3 b M (2)
n=0

holds for z € A*(A) and, moreover, that the coefficients {b, }7°, are given by the
equalities which we get from (4.12) replacing po by A.

It was already mentioned that the system of Laguerre polynomials is a basis in
the space of (algebraic) polynomials. Then from the assumption (5.10) it follows
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that b, = 0 for n =0,1,2,..., i.e. that the function FW* is identically zero in the
region A*()). Since G*(A) D A*(A), the identity theorem implies that FJ(z) = 0
for z € G*(\). Further, (5.12) yields

1 [ f(w) 1
1 — [ gy =2
(5.18) s | g = 41
for ¢ € v. Hence, if we define F>(() = f(¢) for ¢ € ~, then F, is the holomorphic
extension of the function f into the region G(\). Indeed, due to (5.11), we have

lim,eq, ¢ Fy(2) = f(Q) for ¢ € 4.

Remark. From (5.18) it follows that the function f satisfies the singular
integral equation (5.9).

It seems that, in general, the converse of proposition (V.5.5) is not true but
under some additional assumption it can be "reversed”.

We say that a A-admissible Jordan curve v C C is regular at infinity if the
intersection C'(v; p) := G(A) N C(0; p), where C(0; p) is the circle with center at
the origin and radius p, has only one component, provided p > py and p, is large

enough.

(V.5.6) Suppose that v C C is a A-admissible smooth Jordan curve regular
at infinity. Let the LH-function f : \ {00} — C satisfy the growth condition
in (V.5.5). If f has a holomorphic extension Fy into the region G(\) such that
|Fy(2)| = O(|2|*) for some w < 1/2 when z tends to infinity, then the equalities
(5.10) hold.

Proof. If p > py and py > 2A? is large enough, then the Cauchy theorem
implies that for z € G*(\),

(5.19) LFV(M) dw :L J(w) dw+/0w~p> iC)

w—z p’lU—Z w—z

where v, :=yN{w : |w| < p}.

Denote by (*(A, p) those of the endpoints of the circular arc C(\; p) := A(A) N
C(0; p) for which Im (*(A; p) > 0. If 6% (\; p) = arg (*(A; p), then

tan 0" (\; p) = 2\ (p — )\2)1/2(,0 — 22371,
Further, for the length I(v; p) of C(v; p) we obtain that
1(7: p) < 2007 (X; p) = 2parctan(2A(p — A%)'/2(p — 223 71),

and, hence, I(v; p) = O(p*/2) when p tends to infinity. Further,

F F
[ B [ B o,
Clyp) W— %2 Clyp) lw — 2|
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and letting p — oo, from (5.19) we obtain that F7(z) = 0. Since z is arbitrary,
o0

it follows that F¥ = 0 in the region G*(v), i.e. anMéa)(z) = 0 for z € A*(\).
n=0

Then the uniqueness property of the expansions in series of Laguerre associated
functions [(IV.5.10)] yields that b, =0, n=0,1,2,..., i.e.

/ Fw) L (w)dw =0, n=0,1,2,...,
v

Since the system of Laguerre polynomials is a basis in the space of polynomials,
the equalities (5.10) follow.

5.4 Suppose that 0 < 7 < co. A Jordan curve v C C passing trough the point of
infinity is called 7% (77 )-admissible if —oo < Infrc) (oo} IMC < sUPrey (o) ImC =
—7(T = infg@\{oo} Im( < SUP(eqy\ oo} IMC < 00).

By H*(v)(H™ ()) we denote the component of C\ v which contains the real
axis and suppose 7 is positively orientiated with respect to H*(v)(H ™~ (7)).

Using series representations by the Hermite associated functions {G;F(2)}52,
as well as the uniqueness of the expansions in these functions we can prove the
following propositions:

(V.5.7) Suppose that v is a 77 (7~ )-admissible smooth Jordan curve and let
f be a LH-function on v \ {oco} such that

(5.20) [f(w)] = |f(u+iv)| = O(jw|~ exp(—u?))

for some o > 0 when w tends to infinity. If the equalities (5.10) hold, then f has
a holomorphic extension into the region H* (v)(H ™ (7)).

(V.5.8) Suppose that v C C is a 77 (77 )-admissible smooth Jordan curve
which is regular at infinity and let the LH-function f on 7 \ {oo} satisfy the
growth condition (5.20). If f has a holomorphic extension F (F,") into the region

H*(v)(H™(v)) such that |y (2)| = o(1)(|F (2)] = o(1)) when z € H™ ()(H ™ (7))
tends to infinity, then the equalities (5.10) hold.

Exercises

1. Prove (V.1.3).

2. Prove that each complex function which is holomorphic in a region of the
kind E*(r)N E(R),1 <r < R < oo, has there unique representation by a series of
the kind

S {an P (2) + baQ P ()}
n=0
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3. Prove that if Re{ < 1/2, then for z € C,

X (1_c) /2
zexp((z?) = : n|2§1)z+1 {1 E
n=0 '

C}nHHQnH(Z)-

4. Prove that if || < 1, then for z € C:

(1) (1+¢) “®(a,1/2;2°¢C(1+¢)7") = Z (a)nC'”Hm(z);

- (a)nC"

(i) 2(1 4+ () *®(a,3/2; 22¢C(1+ )71 = T 1)!H2n+1(z),

il
where a is an arbitrary complex number and ®(a, ¢; z) is the Kummer degenerate

hypergeometric function [Appendix , (3.8)].

5. Prove that the representation

(e.¢]

(14+¢) % (a, 0+ 1;2C(1+ ) Z

=0

1>nL£{”(z)

holds for z € C provided that o # —1,—-2,—-3,... and || < 1.

6. Prove (V.4.5).

7. Suppose that 0 < 7 < oo and let F' be a locally L-integrable complex
function on the line I[(£7) : ( = t £ ir,—00 < t < oo such that |F({)] =
O(|¢] # exp(—€?)) for some p > 0 when ¢ = £ + in tends to infinity. Prove
that for z € H*(#£7) the function

f(z) = £(2mi)~! /l(iT) ff)z d¢, z € C\ I(&T)

is representable by a series in the Hermite associated functions {G;(z)}22,, with
coefficients

by = F(2mil,) ™! Hy(Q)F()d¢, n=0,1,2,....
I(£T)

8. Suppose that 0 < A < oo,a € R\ Z~ and let F be a L-integrable
—\2

complex function on the ray (—oo,—M3]. If / O|F(t)||t|0(0‘) dt < oo, where
—00

o(a) = max(—1,a/2 — 5/4). Prove that the equalities

X (@) _ _
M@ F@#)dt=0, n=0,1,2,...,

—0Q

161



Series representation of holomorphic functions. . .

imply F' ~ 0, i.e. that F' is almost everywhere equal to zero in the interval
(—o0, —A3].

9. Suppose that 0 < 79 < oo and let {G%k)(z; 70) oo, k = 1,2 be the functions
defined in [III, Exercise. 4]. Suppose that the complex function f is holomorphic
in the strip S(79) and that for each 7 € [0,7)) there exists u(7) > 0 such that

1£(2)] = {|z|7") exp(—2?)} when z = x + iy tends to infinity in S(7). Prove that
the function f has the representation

oo

£(2) =Y {a (NG (2:70) + af) ()G (z:0)}, = € S(70)

n=0

with coefficients (n =0,1,2,...)

S0 = g [ Halt i) + (-1 Hale — i) £(0) s

S =~ | A+ im) = (= im0 dr

10. We say that a function f € H(S(79)),0 < 79 < oo, has Cauchy’s integral
representation in the strip S(7p) if for any 7 € (0,79) and z € S(7)

f(z)_i/oo{f(t—w) _ ft+in) }dt.

2w J_ o\ t—iT—2 t4iT—z
(0]
Prove that if, in addition, / |f(tL£iT)|dt < oo for 7 € (0,79), then in order
—0o0

that f has an expansion for z € S(7y) in a series of Hermite polynomials with
coefficients (2.42) it is necessary and sufficient f to have Cauchy type integral
representation in S(7).

Comments and references

From ”complex analytic” point of view one of the main problems concerning
the Jacobi, Laguerre and Hermite systems is that of representing holomorphic
functions by series in these systems.

To solve the representation problem for a given region G C C and a sequence
F = {fn}2, of functions holomorphic in G means to describe the (C-vector)
subspace F(G; F) of H(G) consisting of all functions which are holomorphic in G

0
and have there expansions in series of the kind Zan fn(z) which converge in the

n=0
sence of the topology of the space H(G). If, in addition, the system F' has the
uniqueness property, then it is simply a basis of the space F(G; F).
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Let us mention that, in general, F(G; F') does not coincide with the whole
space H(G). It may happen also that F(G; F) is not closed in H(G), i.e. that it
may be not a subspace of H(G) as a Fréchet space.

If the simply connected region G C C is unbounded and, moreover, the func-
tions fp, m = 0,1,2,..., have no finite singular points (in particular if f, is a
polynomial of degree n), then usually we are trying to find ”growth” characteris-
tic of the functions in the space F(G; F).

In the case of Jacobi systems we need no growth conditions when proving asser-
tions about the representation of holomorphic functions by series in these systems.
The "heavy” role is played by the asymptotic formulas for the Jacobi polynomials
and their associated functions. In this way we obtain e.g. the proposition (V.1.2),
and by the use of the relation [Chapter I, Exercise. 4] we come to (V.1.3). Let
us mention that in [B.C.CARLSON, 2| the expansions of holomorphic functions in
series of Jacobi polynomials are regarded as generalized Taylor’s series rather than
as series in special orthogonal polynomials.

The possibility to make use of the relation [Chapter I, Exercise 4] when the
representation by series in Jacobi polynomials is discussed has been noticed by
BoAs AND Buck [1, p. 61] and developed in details by D. CoLTON [1]. In the
last paper it is proved also that, in general, the expansion in a series of Jacobi

P?’(La’ﬂ)

polynomials { 1o, with real o and f is not possible, when o + 5+ 2 is a

nonpositive integer.

The fact that a complex function holomorphic in the interior of an ellipse with
foci at the points *+1 is representable there by a series in Jacobi polynomials has
been established in the 19th century. The corresponding proposition is formulated
in [G. SzZEGO, Theorem 9.1.1] without giving any comments and historical ref-
erences. For the expansion (9.2.1) from [G. SzEGO, 1], which is nothing but a
bilinear representation of the Cauchy kernel in terms of the Jacobi polynomials
and their associated functions, it is said that it is well-known in the special case
a=[F=0(E. HEINE [1, p. 78]).

Let us note that (9.2.1) as well as Theorem 9.1.1 and Theorem 9.2.2 from [G.
SZEGO, 1] are due to G. DARBOUX [1]. In fact, DARBOUX has proved the validity
of the proposition given as Exercise 2.

A proof of (V.1.3) is given [D. CoOLTON, 1] provided a < —1,8 < —1 and
a+B+2+#0,—1,—-2,.... In the same paper it is proved that this proposition is
not valid if o, # are not equal to —1, —2,—3,... but a+5+2 =0,—1,—2,.... More
precisely, it is shown that if —a— 3 — 1 is a (positive) integer, then a polynomial
of degree —a — 8 — 1 cannot be expanded in a series of the Jacobi polynomials
(PP ()02,

The solution of representation problem in the case of Hermite and Laguerre
polynomials has a longer history. For expansions in the Hermite functions of
complex-valued functions, which are holomorphic in a strip of the kind S(7), G.
SZEGO [1, p. 253] refers to the first part of the paper [G.N. WATSON, 1]. Sufficient
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Series representation of holomorphic functions. . .

conditions for existence of series representations of holomorphic functions by means
of Laguerre and Hermite polynomials are given also by O. VOLK [1].

In 1940 appeared the fundamental paper of E. HILLE [1], where the represen-
tation problem by Hermite polynomials is solved. The essential part of this paper
is represented in Section 2. The only difference is that we use the completeness
of Hermite functions in the space L?*(R) [(V.2.1)] instead of Abel’s summabil-
ity of the series representation by this system of a complex measurable function
satisfying suitable ”growth” condition on the real line.

The main tools used by Hille is the bilinear generating function [Chapter II,
(2.6)] for the Hermite polynomials as well as the ”asymptotic” representation [V,
(2.15)] of the Weber-Hermite functions obtained as an application of results due
to LANGER [1]. For the details we refer to HILLE’S paper [1].

The main result in Section 3 is the proposition (V.3.7). It describes the growth
of the functions which are holomorphic in a region of the kind A()\),0 < A < oo
and have there expansions in series of Laguerre polynomials.

The solution of the representation problem in the case of the Laguerre poly-
nomials {L,(»La)(z)}%io for « = 0 was given by H. POLLARD [1]. The validity of
Pollard’s theorem when o > —1 was proved by O. SzAzs and N. YEARDLEY [1].
By establishing the sufficiency of the growth condition (1.5) in their paper they
make use of the equality [Lemma 3.2]

/ " (- 2) exp(—u) L8 (u) du = T(1 - 8) exp(—2) L& (x),

which holds when a@ > —1,0 < 1 and = > 0. Let us note that its particular case
a = § = 1/2 has been already used by POLLARD [1,(3.2)].

Our approach is based on USPENSKY’S formula [Chapter II, (2.17)] and on the
proposition (V.3.3) [P. RUSEV,5,6]. As a corollary we obtain a generalization of
Pollard’s theorem as well as of that of SzZAzs and YEARDLEY.

The proposition (V.2.10) is due to P. RUSEV [18, Theorem 3]. The proposi-
tions (V.3.10), (V.3.14), (V.3.16) and (V.4.3) were announced in [P. RUSEV,
15] and their proofs appeared in [P. RUSEV,16]. The proof of (V.3.16) is included
also in [P. RUSEV, 17].

The proofs of (V.3.11) and (V.3.12) are published in [P. RUSEv, 21] and [P.
RUSEvV, 22|, respectively. The propositions (V.3.15) and (V.4.2) are included in
[P. Rusev, 19, pp. 191, 202].

The proposition (V.4.5) is published in [P. RUSEV, Theorem 5|. The asser-
tions given as Exercises 8 and 9 are included in [P. RUSEV, 15] and [P. RUSEV,
20], respectively, and that as Exercise 10 is also due to P. RUSEV.

The results concerning the holomorphic extension of measuarable function of
one (real) variable are published in [P. RUSEV, 34] and these for the holomorphic
extension of locally Holder functions which are defined on Jordan curves in the
extended complex plane are included in [P. RUSEV, 35].
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Chapter VI

THE REPRESENTATION PROBLEM IN TERMS OF
CLASSICAL INTEGRAL TRANSFORMS

1. Hankel transform and the representation by series
in Laguerre polynomials

1.1 The integral representation [Chapter II, (2.13)] of the Laguerre polynomials
L(a) 0 :
{Ln"(2)}nZo, Le.

exp z

L%a)(z) = /000 exp(—t/2)By(zt) dt,

shows that the entire functions exp(—z)L%a) (z) is a Hankel type integral transform

of the entire function (n!)~'z"exp(—z) provided Re(n + a + 1) > 0. This makes
plausible the conjecture that if a complex function f € H(A(Ng)), 0 < Ay < o0,
is representable by a series in Laguerre polynomials in the region A()\y), then the
function exp(—z)f(z) has to be a Hankel transform of a suitable entire function.

In order to justify this conjecture we introduce the class G(0), —o0 < o < o0,
of entire functions ® such that:

(1.1) lim sup(2+/|w]) ' (log |®(w)| — |w|) < o.

|w|—o0

The functions in G(o) can be described by means of a growth condition con-
cerning the coefficients of their Taylor series expansions centered at the origin.
The following lemma plays an auxiliary role.

(VI.1.1) If Rea > —1, then there exists a positive constant M («) such that
the inequality

(1.2) |Ba(2)] < M(a)(1+ |2]) exp(2|Im v/2|)
holds for z € C.

Proof. The relation By(z) + 2Bay2(2) = (o + 1)Bay1(2), which follows from
[Appendix, (2.8)], and the inequality [Chapter III, (4.7)] yield for z € C

|Ba(2)] < (K(a+ 1)]a+ 1| + K(a+ 2)|2]) exp(2| Im v/z]).
Denoting M (a) = max{K(a+ 1)|a + 1|, K(a + 2)}, we obtain (1.2).
(VI.1.2) An entire function

(1.3) O (w) = Z(n!)*lanw”

n=0
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The representation problem in terms. . .

belongs to the class G(o) if and only if

(1.4) limsup(2y/n) ' log |ap| < —o.
n—oo

Proof. Suppose that o < oo and that the entire function (1.3) is in the class
G(o). If € > 0, then there exists a positive integer ny = ng(e) such that

lan| < nln™" ‘max |®(w)] < nln~"exp[—n —2(c — €)v/n], n > n.

w|=n

Stirling’s formula yields that lim sup,,_,~.(2y/n) !log|an| < —o + ¢, and since
e > 0 is arbitrary, we come to the inequality (1.4).

If 0 = oo, then |ap| < nln™"exp(n — 244/n) for A > 0 and sufficiently large
n and, hence, limsup,,_,~(2v/n) 'log|a,| < —A. Since A > 0 is arbitrary, we
obtain that lim,—(2y/n) ! log |ay| = —occ.

In order to prove the sufficiency of (1.4) we shall consider separately the cases
o>0and o <0.

(a) Suppose that 0 < o < oo. Since the sequence {ay}5°, satisfies (1.4), then
from the asymptotic formula [III, (3.11)] it follows that for ¢ € (0,0) there exists
a constant C'(d) > 0 such that |ay| < C(é){—MT(lO)(—(U —8)3)} forn=0,1,2,....
Then [I1, (4.5)] yields that |®(w)| < C(6)M©(—(o — §)?,|w|) and [I1, (4.4)] gives

o)l =0{ [ expllule(1+1)7 ~ (0 — ol e}

—of [ expljul - ul(1+1)7* ~ (0 - ol e}

—o{ [ expllul - (0~ o - fuie ot
:0{\/@/((:)/ /e exp[|lw| — 8wl (u+ut) du}.

If Jw| is large enough, then we write the integral as a sum of two integrals
namely: one of them on the segment [( / \/W |, and the other on the ray
[1,00). Further, we substitute u = (7 + VT2 —4)/2, 2 < 7 < 00 in both of them
and obtain that

(1.5)  |®(w)] :O{\/W/QOO[I—FT(TQ—ZL)1/2]exp[|w]—(a—5) lw|7] dT}.

It is easy to prove that if A > 0, and if a(7) is a continuous function of 7
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Hankel transform and representation. . .

€ (A, 00) such that a(r7) = O((t — \)™") for some n < 1 when 7 — A, and
a(t) = O(1) when 7 — oo, then

(1.6) //\oo a(7) exp(—r7) dr = O(exp(—Ar))

for r — oo.

Then (1.6) and (1.5) yield that |®(w)| = O{/|w|exp[lw| — 2(c — §)+/|w|]}
and, hence, limsup|,,| o (2/[w|) ! (log |®(w)| — w]) < —o + 4. Since ¢ € (0,0)
is arbitrary, we come to the conclusion that the entire function ® belongs to the
class G(o). The proof in the case o = oo is similar to the above one and we omit
it.

(b) Suppose that —oo < o < 0. Then, having in mind the asymptotic formula
[Chapter III, (2.3)] for the Laguerre polynomials, we can assert that for every
d > 0 there exists a positive constant D(d) such that the inequality

(1.7) lan| < D)LY (—(0 — 5)?)

holds for n =0,1,2,....

Remark. Notice that the validity of the above inequality follows from the fact
that L,@(—x) > 0 for x > 0.

Further, with the aid of [Chapter II, (2.7)], we find that

o

B(w)| = {Z(WIL&?)(—@ - 5>2>|w|”} — Ofexp(lu]) Bo( (o — 6))]ul}.

n=0

and then the inequality (1.2) yields that

|@(w)] = O{|w|exp[|w| + 2(=0 + 0)v/|wl]}.
Since § € (0,0) is arbitrary, the above estimate implies that ® € G(o).
Remark. It is clear that G(0),0 € (—o0, 0] is a C-vector space.

1.2 Suppose that 0 < A9 < oo and a € C. Define the linear map H)_ , of
the space G()\) in the space £(Y()\) assuming that to a function ® € G()\o)

having the representation (1.3) there corresponds the function f € £ ()\y) which
is defined by the series [IV, (2.1)].

The linearity of H) . follows immediately from the definition. It is easy
to prove that H) . is surjective. Indeed, if a function f € L)) is repre-
sented in A(Xg) by a series of the kind [ChapterIV,(2.1)], then from (IV.2.1)
lim sup,,_, o (24/1) tlog lan| < —Xg. Due to (VI.1.2), the entire function ® de-
fined by (1.3) is in the space G()\) and, moreover, f = Hy ,(®).
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(VI.1.3) Suppose that 0 < A\g < oo and Rea > —1. Then f € H) ,(®) if and
only if it has the form

(1.8) () = exp /0 Y exp(—)B (1) Ba(2) db, = € Al\o).

In other words, a complex-valued function f is in the space £®()\o) if and only
if the above representation holds with a function ® € G(\).

Proof. If ® € G()), then the integral in the right-hand side of (1.8) is
absolutely uniformly convergent on every compact subset K of the region A()\).
Suppose that Ay < oo and define A = max{|Im+/z| : z € K}, and r = max{]z| :
z € K}. Tt is clear that 0 < A < Mg and 0 < r < oo. If 6 = (A\g — A)/2, then the
definition of the class G(o) as well as the inequality (1.2) yields

tY exp(—t)®(t) Ba(2t)] = O{t™ (1 + rt) exp[—2(Xo — 6)V + 2\V1]}

= O{t"* (1 4 rt) exp(—25ﬂ)}
provided z € K and t — oo.

In other words, the integral

/0 1 exp(—t) D (t) Ba (21)] dt

is majorizied on the set K by the integral
(0.9]
/ tReY(1 4 rt) exp(—20Vt) dt
0

and, hence, it is uniformly convergent on K. In a similar way, we consider the
case \g = 00.

Suppose that the complex-valued function f € H(A(\)) has in A(Xg) a rep-
resentation of the kind (1.8), where ® € G()\g). If (1.3) is the Taylor expansion
of ® centered at the origin, then the inequality (1.4) holds with o = g, and from
(IV.2.1) it follows that the series in Laguerre’s polynomials {L%a)(z)}%io with
coefficients {ay, }5o, converges in the region A()\).

If we define R,(z) = f(z ZanL ) for z € A(N\y) and v = 0,1,2,. ..,
then from [Chapter II, (2.13)], (1.3) and (1.8) it follows that

(0.¢]

(1.9) Ry () :expz/oootaexp(—t){ >

n=v+1

(n!)_lantn}Ba(zt) dt.
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Further, using (VI.1.2), we conclude that the entire function

() = (1) an "

n=0

is in the class G()\g). Therefore, for z € A()\g) and € > 0 there exists a T’
= T(z,e) > 0 such that

o0
/ tReY exp(—1)®* ()| Bo(2t) dt < e.
T

Then for v =0,1,2,... we have

oo

/TOO ¢ exp(—t){ > (n!)_lant”}Ba(zt) dt‘

n=v+1

(1.10)

O
< / 1R o b4 (1) | B (21)] dt < <.
T

There exists a nonnegative integer N = N(e,T) such that for v > N and

o0
t€[0,7], Z (n)"'a,t"| < € and, hence,
n=v+1
T (0.¢]
(1.11) / to‘exp(—t){ Z (n!)—lantn}Ba(zt) dt‘
0

n=v—+1

= O{s/OT R exp(—t)| Ba(2t)| dt} = O(e).

From (1.9), (1.10) and (1.11) it follows that R,(z) = O(¢g), v > N, i.e. the se-
ries in the Laguerre polynomials {L%a)(z)}%io with coefficients {ay, } 5o, represents
the function f in the region A(Ao).

Conversely, let the complex function f € H(A(N)),0 < Ay < o0, be rep-
resented for z € A(X) by a series in the polynomials {L\™(2)}2°, provided
Rea > —1. If {ap}52, are the coefficients of this series, then from (IV.2.1)
and (VI.1.2) it follows that the entire function ®, defined by (1.3), is in the class
G()\o). Then the function f defined in the region A()\g) by the right-hand side of
(1.8) is holomorphic in this region. But, as we have just seen, the function f is
representable in A(\g) by a series in the Laguerre polynomials {L%a)(z)}%‘;o with
the same coefficients {a,}9%,. It means that f = f, i.e. the function f has the
representation (1.8) in the region A(X\).

Example. Every entire function of exponential type and type less than one

is in the class G(c0). In particular, the function f(z) = exp[—¢(1 — ()" 'z] is in
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G(00) when Re( < 1/2. Then from (VI1.1.3) we obtain for z € C,
(1.12) /0 1% exp(—(1 — O) ') Balzt) dt = (1 — ()" exp(—(1 - ()2),

provided Re{ < 1/2.

1.3 Now we are going to prove that the map H) , for « € R\ Z is invertible.
It was proved that this map is surjective for o € C. Its injectivity when oo € R\ Z~
follows from the uniqueness property of the system of Laguerre polynomials with
real parameter « not equal to —1 — 2, —3,... [(IV.5.3)]. Notice that if o > —1,
then the injectivity of H) , follows from the uniqueness property of the Hankel
integral transform. Indeed, if f = 0, then from (1.8) it follows that ® ~ 0, i.e.
®(t) = 0 almost everywhere in [0,00) and the identity theorem for holomorphic
functions yields that ® = 0.

There is another proof of the fact that H) , is invertible provided a@ > —1.
Define the linear map H ;O’ ., of the space L@ ()\g) in the space G()\g) assuming that
to a function f € £(®()\y) represented in the region A()g) by the series [Chap-

ter IV, (2.1)], there corresponds the entire function ® defined by (1.3).

(VI.1.4) If0 < Ao < o0 and o > —1, then & = H;\k’a(f) if and only if
o0
(1.13) O(w) = expw/ t* exp(—t) f(t) Bo(wt) dt, w € C.
0

In other words, an entire function ® is in the space G()\y) if and only if the
above representation holds with a function f € L@ ().

Proof. It is similar to that of the proposition (VI.1.3). Since « is real,
the space L£(®()\g) coincides with the space L£()\) defined by the requirement
[Chapter V, (3.9)]. From the last one it follows that if f € £ ()\), then |f(t)| =
O(exp(t/2)) when t tends to infinity. Then (1.2) yields that the integral on the
right-hand side of (1.13) is absolutely uniformly convergent on the compact subsets
of the complex plane, hence, ® is an entire functions.

Since f € LY ()\), it is representable in the region A()) by a series in the

Laguerre polynomials {L,(f) (2) 192, If {an}ol, are the coeflicients of this series,
then from (IV.2.1) it follows that the inequality (1.4) holds with o = A.

v

Defining S, (w) = ®(w) — Z(n!)_lanw” for w € C and v = 0,1,2,..., then
n=0
[Chapter II, (2.13)] and (1.1) yield that

Sy(w) = / T exp<—t>f<t>{ >

n=v+1

(@)
L ® el g
'n+a+1)
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Further we proceed as in the proof of (VI.1.3) and obtain that lim, . Sy (w) =0
for w € C. It means that the entire function ® has the representation (1.3), and
since the inequality (1.4) holds for its coefficients with o = \g, we can assert that
dedG ()\0)

Conversely, suppose that the function ®, defined by (1.3), is in the class G(\o).
o0
Then from (1.4) with 0 = A\ and (I1.2.1) it follows that the series ZanL%a)(z)

n=0
is uniformly convergent on the compact subsets of the region A()\). Hence, this

series defines a complex-valued function f € L ()\) there. But, as we have
just seen, in such a case the right-hand side of (1.13) defines an entire function
o0

®* € G(\o) and, moreover, ®*(w) = Z(n!)_lanwn, w € C. Therefore, ®* = @
n=0

and, hence, ® has a representation of the kind (1.13) with f € L@ ().

Remark. The fact that the right-hand side of (1.13) has the same form as that
of (1.8) is not surprising since a well-known property of the Hankel type transforms
is that, in general, they ”coincide” with their inverses.

If the entire function ® defined by (1.3) is in the space G(\g), then the series
[Chapter IV, (2.1)] represents a function f € £(%()\y) and, moreover, H/’{O )=
®, i.e. the map H;‘\O’a is surjective.

In order to prove the injectivity of this map and that in fact it is the inverse to
H), o, we have to show that the composition H) .o Hy , is the identity mapping

of the space L(¥()\g). If z € A()\g), then having in mind [Chapter II, (2.13)], we
obtain

(1.14) (Hya 0 Hy o)()(2) = Hy o(H} o (f))(2) = Hy o(®)(2)
— exp2 /OOQ to exp(—t){z %t"}Ba(zt) dt

00 00 00
=expz Z % / t" Y exp(—t)Bq/(2t) dt = Z anLi®(2) = f(2).
n=0 ~ J0

n=0

2. Meijer transform and the representation by series
in Laguerre associated functions

2.1 The equality [Chapter I, (4.7)] shows that the function —(—z)~%/2M (2)
which is holomorphic in the region C\ [0, 00), is a Meijer’s type integral transform
of the function 2(I'(n + 1)) ~12"+%/2exp(—z). Therefore, one may expect that
if a complex-valued function is representable by a series in Laguerre associated
functions, then it is a Meijer transform of a suitable (holomorphic) function. This
is, really, the fact and, more precisely, we have the following proposition:
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(VI.2.1) Suppose that 0 < py < oo and a > —1. A complex-valued function f
is in the class M®)(py) if and only if for it an integral representation of the kind

(1) f(z) = —2(-2)"" / 10 exp(—) U (1) K27 dt, = € A (o)

holds, where K, is the modified Bessel function of the third kind with index «
[Appendix, (2.6)] and the entire function ¥ € G(p).

Proof. Notice that if ¥ € G(—pu),0 < po < oo, then the integral in the
right-hand side of (2.1) is absolutely uniformly convergent on every compact set
E C A*(po). Indeed, let p € (g, 00) be chosen so that £ C A*(u) and denote
§ = (1 — po)/2. Then the estimate |¥(t)| = O{exp(t + 2(uo + 0)V1)}, t — o0, as
well as the asymptotic formula [Appendix, (2.17)], yield that

72 exp(—t) | (£) Ko (2v/—21)| = O{t*/? exp(—26t)}

for z € F.
Suppose that the representation (2.1) holds for the function f with ¥
€ G(—pp). If U has the expansion

o0

(2.2) T(w) = () bpw”,

n=0

then (VI.1.2) and (I1.2.3), (b) yield that the series in the Laguerre associ-
ated functions {Méa)(z)}?fzo with coefficients {by,}7°, is convergent in the region

A*(po)-
Define p,(z) = an ) for z € A*(up). Then the integral repre-

sentation [Chapter II, (4. 7)] ylelds

oo

pu(z) = —2(—2)2/? /Oooto‘/2exp(—t){ 3 (n!)lbnt”}Ka@\/—_zt) dt

n=v+1
for z € A*(uo). Further, we proceed as in the proof of (VI.1.4), i.e. in view of
0

the fact that the entire function U*(w) = Z(n!)_1|bn|w” is in the class G(—puyo),

we conclude that if € > 0, then p,(z) = O(e) provided that » > N and that the
positive integer N = N (¢) is large enough. Hence, the series

(0.¢]
(2.3) > bp
n=0

represents the function f in the region A*(u), i.e. f € MW (ug).
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If, conversely, the function f € M@ (ug),0 < py < oo, is represented by the
series (2.3), then (IV.2.3) and (VI.1.2) yield that the entire function ¥ defined by
(2.2) is in the class G(—pg). The right-hand side of (2.1) defines a complex function
f € H(A*(uo)) and, moreover, for z € A*(p) the function f is representable by
the series (2.3), i.e. f = f.

2.3 Suppose that D C €\ {0} is an unbounded region and f is a complex-
valued function defined in D. Suppose that there exists a sequence {A;,}5°, of
complex numbers such that lim.cp , oo 2" Ry(2) = 0 for v = 0,1,2,..., where

14
Ry(z) = f(z) — ZAnz_n, v =20,1,2,.... Then, by definition, the series
n=0

(2.4) > An

is called asymptotic expansion of the function f when z — oo in the region D. In
such a case we write

(2.5) flz)~) %, z — 0.

We point out that the series (2.4) does not need to be convergent in D or even in
the vicinity of the point of infinity.

An asymptotic expansion, if it exists, is unique. This follows immediately from
the equalities:

(2.6) Ap= lim f(z2), A, = lim zn{f(z)— _k;}’ n=12.3,....
2

z€D,z—0 z€D,z—00

A series of the kind (2.4) may well be an asymptotic expansion of more than one
function. There is a criterion which enable us to assert that (2.4) is an asymptotic
expansion of exactly one complex-valued function. It is based on the following
proposition:

(VI.2.2) Suppose that p > 0,0 < 0 < 27,0 < 6 < 1 and let F' be a complex-
valued function which is holomorphic in the region S(p,0,6) = {z € C : |z|
> p, |arglexp(—if)z]| < om}.

Suppose that there exist two increasing sequences of positive numbers {pn } 5o
and {vp }5°, with lim, .~ vy, = 00, a positive integer ng, and a nonnegative con-
stant M such that the inequality |F(z)| < M(un|z|_1/25)”” holds for z € S(p, 0, 9)
and n > ny.

o0
If the series Z(Vn+1 —up) iy, diverges, then F is identically zero in S(p,0,9).

n=0
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As a corollary we have the proposition:

(VI.2.3) Let the complex-valued function f be holomorphic in the re-
gion S(p,0,0) and let (2.4) be its asymptotic expansion there. If |Rp(z)| =
O((pn|2|~/20)n) uniformly for z € S(p,0,8) and n > ng, then f is the unique
holomorphic function having (2.4) as its asymptotic expansion in S(p,6,6). In
particular, this is true if |Rp(2)| = O(T' (A + 1)(c]z|~Y/2)* o > 0, uniformly for
z € S(p,0,9) and n > ny provided {\,}7°, is an increasing sequence of positive
numbers such that lim;,,—.oc Ay, = 00.

Using the asymptotic expansion’s ”language” it is possible to state a proposi-
tion which gives a necessary as well as sufficient condition for a complex-valued
function to be in a space of the kind M@ (y).

(VI1.2.4) If 0 < pp < 00,—1/2 < a < 1/2, and f € MY (), then for every
@ > po the function f has in A*(u) the asymptotic expansion

i " (n+a+1)c,

(2.7) g, , 2 — 00,
n=0
where
n
(2.8) 117?1_?0%;)(2\/5)‘1 log|» (Z) cr| < Ho-

k=0

Conversely, if f € H(A*(uo)) and the equality

(2.9) lim { f kFO‘H”) }:0

zGS(p,w,l/Q),z—wo

holds uniformly with respect to n > ng for some p > p2, then f € M@ (pp).

Proof. Suppose that —1/2 < a < 1/2 and let the function f € M@ (),

0 < pp < 00, have the expansion [Chapter IV, (5.17)] in the region A*(y). Then
the representation (2.1) holds, where the entire function ¥ € G(—pyg) is given by
the series (2.2).

If we define a(z) = 2¥(2?) exp(—2?), then from (1.1) it follows that |a(t)]
= O(exp(2ut)) for p > po when t tends to infinity. Hence, the integral

(2.10) A(w) = /0 " alt) exp(—uwt) dt

is uniformly convergent on each closed half-plane Rew > 2u with p > po, i.e. it
defines a holomorphic function in the half-plane Rew > 2.
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From (VI.1.2) we obtain that the function ¥® is in the class G(—puq) for
k=1,2,3,.... Further, it is easy to prove that if ¢t tends to infinity, then

(2.11) |a®(2)] = O(exp(2pt))

for k=1,2,3,... and p > po. In particular, since a(0) = 0, from (2.10) it follows
that for pu > po

(2.12) [A(w)| = O(Jw|™)

when w tends to infinity in the half-plane Rew > 2pu.

Using the integral representations (2.1) and [Appendix, (2.16)], and replacing
z by —2%/4, and t by t?, we find that if Re z > 2y, then

f(—2*/4) = _F@%\/?/Q) /OOO a(t) dt /100(72 - 1)0‘_1/2 exp(—ztT) dr.

Having in mind (2.12), as well as the assumption o < 1/2, we easily prove that
the multiple integral

/1 T o112 gy /0 " at) exp(—str) dt

is absolutely convergent in the half-plane Re z > 2. Then, changing the order of
integrations, we come to the representation

(2.13) f(=2%/4) = _1“@%\/%1/2) /100(72 — 1)*Y2A(27) dr, Rez > 2u0.

Since (2.11) holds for each p > pg, the integration by parts in (2.10) is possible.
Thus, we find that if Rew > 2u, then

A <k a(k)(o) 1 o (2n+1)
(2.14) (w) :kz% e t ) a (t) exp(—wt) dt

0
Further, we have the expansion a(z) = ch(n!)_1z2”+1, where

n=0

& n
(2.15) en = Z(—l)k(k)bn_k, n=0,1,2,....

k=0
Hence,

n—1
(2k +1)ley, 1 /00
A(w) = (@n+1) (¢ —wt) dt
(w) —~ k!w2k+2 + w2n+1 0 a ( )eXp( w )
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and then (2.13) yields that

— 2k+2F(k’—|—o<—|—1) 5
—22/4) = Z T + Rp(2), Rez > 2u,
k=0
where
7 4y 2 —1/2_—2n—1 > (en
Ry (z) = I‘(a—|—1/2)22n+1/1 (r° =1) [2r—2n dT/O a V(1) exp(—z7t) dt.

In this way we obtain the representation

~1)Fr(k 1
fo) =S Y (z,il“ S | R(2), 2 € A*(u), n=1,2,3,....

where Ry (2) = Rp(2(—2)Y2), z € A*(u). Since M, en* () 200 2 Bn(2) = 0, it
follows that the asymptotic expansion (2.7) holds whenever p > po.

From (2.15) it follows

n
(2.16) Z(Z)ck:bn, n=0,1,2,...,

and since the series in the right-hand side of [Chapter IV, (5.17)] converges in the
region A* (1), (IV.2.3),(b) implies (2.10).

Suppose that o = 1/2. Since K /y(2) = \/7/2zexp(—2) [Appendix, (2.13)],
we have

f(=2%/4) = —Qﬁ/oootexp(—tZ)\If(tz) exp(zt) dt = —2\/TA(2).
Then (2.14) gives

(2k+ Dl 27 [*
2 (2n+1
f(=22/4) ——M}j b | a0 exp(—t)

i.e. the representation

) T( k; 3/2
3 EDITEESDe gagm, 2 e A%, 2 - o0
k=0
holds whenever p > po. The proof in the case a = —1/2 is similar to that when

a=1/2.
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Suppose that (2.9) holds uniformly for n > ny and, moreover, that the inequal-
ity (2.8) is true. Then we have

(2.17) &&mﬁﬁmﬁwiwﬁﬁ@):pdwnn+a+nq“nzlﬂﬁw”

uniformly for n > ng, where

n—l k
L'k 1
R (2 +O‘+ N
k=0
From (2.16) and (2.8) we obtain
(2.15) lim sup(2/7) " log [bn] < o,

n—oo

|bp| = O(exp(2u+/n)) for p > pp when n tends to infinity and, hence, the
relation (2.15) implies |c,| = O(2™ exp(2uy/n)) when n tends to infinity. Then,
having in mind (2.17), we find

[75(2)] = O{T(n + o+ 1)(2]2] )"}, 2 € S(p,m,1/2), z — o0,

uniformly for n > ng. Further, from (VI.2.3) it follows that f is the only holo-
morphic function having the right-hand side of (2.7) as its asymptotic expansion
in the region S(p, 7, 1/2).

From (2.18) and (IV.2.3), (b) we obtain that the series in the Laguerre associ-
ated functions {MT(LO[)(Z)}%ZO, —1/2 < a < 1/2, with coefficients {by, } 72, converges
in the region A* (1) and, hence, its sum f is a holomorphic function there. Since
f has the same asymptotic expansion in S (p,m,1/2) as the function f, it follows
that f = f, i.e. f is representable in the region A* (o) as a series in the Laguerre
associated functions {Méa) (2)}52,.

3. Laplace transform and the representation by series in Laguerre
associated functions

3.1 There is another way to make use of a classical integral transform when the
representation problem by series in Laguerre associated functions is in question.
Indeed, the representation [Chapter IV, (4.1)] shows that if Rez < 0, then the
function —(—z)_O‘MT(la)(z) is a Laplace transform of the function 2"+%(1+ z)~"!
which is holomorphic in the region C \ (—o00,0]. This observation leads to the
conjecture that if a holomorphic function is representable by a series in Laguerre
associated functions, then it is a Laplace transform of a suitable (holomorphic)
function.

In order to clarify the above considerations we introduce the class B(o),
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0 < o < oo, of all complex-valued functions B(z) which are holomorphic in the
half-plane V(1/v/2) = {w € C: Rew > —1/2} and have the property that for each
€ > 0 there exists a positive constant b(e) such that

(3.1) |B(w)| < b(e) exp{%}, we V.

(VIL.3.1) A function

o0
w
B = 1/v2
(w) ;Obn(l ) e HV(1/V2)
is in the class B(o) if and only if
(3.2) lim sup(2v/n) ! log |b,| < o.

n—oo

Proof. By the mapping ¢ = w(1+w)~" the half-plane V(1/+/2) is transformed
into the unit disk U(0;1) and to a function B € H(V(1/v/2)) there corresponds
the function B(¢) = B(C(1 —¢)~') € H(U(0;1)). In particular, the class B(o)
is transformed into the class B(o) of functions B € H(U(0;1)) with the property
that for each € > 0 there exists a positive constant 13(5) such that

(33 B0 < be)exp{ T

o0
Therefore, we have to prove that a function B(() = anCn € H(U(0;1)) is in
n=0

the class B(o) if and only if the inequality (3.2) holds.

The necessity of (3.2) follows from the Cauchy inequalities for the coefficients
of the power series expansion of a holomorphic function. Indeed, if ¢ > 0 and
rm=1—(c+en Y2 n> (04¢)% then ;™ = O{exp((c +£)y/n)} when n tends
to infinity. Hence,

bl =0{ /Wn Boc " asf =ofr expm}

1_rn

= Ofexp(2(c + €)v/n)}.

The sufficiency can be proved as an application of the expansion [Chapter II,
(2.4)] and the asymptotic properties of the Laguerre polynomials.

We define the function Bs(¢) = exp(62¢(1 — ¢)™") for 6 > 0 and ¢ € U(0;1).
¢
Then [II, (2.4)] yields that Bs(¢) = > L (=0%)¢", ¢ € U(0;1).
n=0
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Suppose that the sequence {b,}°, satisfies (3.2). Using the asymptotic for-
mula [Chapter III, (2.6)] for the Laguerre polynomials with parameter o = —1
[(II1.2.3)], we find that

lim sup(2v/n) " log{|bn||Ly " (—(0 +€)2)| 71}

n—oo

= limsup(2y/n)~ 1log|bn|— lim (2\/_) 1log|L( 2 ( (c+e)?)| < o—(0+¢) = —¢,

n—oo

Le. |bp|= O{L5; " (= (0 + €)?)} for each positive e. Since the Taylor coefficients of
Bs(¢) are positive, we obtain

Ol< S lballdl" = {ZL (o +e) )\C\”}

2
— 0(Br1:((6)) = Ofexp T K

—[¢]
i.e. the function B € B(o).

For a complex-valued function F which is holomorphic in the region V (1/v/2)\
(—1/2,0]), i.e. in the half-plane Rew > 1/2 cut along the segment (—1/2,0], we
say that it is in the class B(o,a),0 < 0 < oo, > —1, if the function w™“F(w) is
in the class B(o). It is easy to see that F' € B(o, «) if and only if F(w)
= (1 + w) 'w*B(w), where B € B(c). Using the last representation of the
functions in B(o, ), as well as (V1.3.1), we shall prove the following proposition:

}, CeU;1),

(VI.3.2) Suppose that 0 < py < oo and a > —1. A complex-valued function
f € H(A*(u)) has an expansion in a series of the Laguerre associated functions
{Méa)(z)}%io in the region A(uy) if and only if the representation

o
(3.4) f(z) = —(—z)o‘/ F(t) exp(zt) dt
0
holds in the halfplane Re z < —pu2 with a function F € B(ug, @).

Proof. If f(z an ) for z € A*(p), then from (IV.2.3) it follows

that the sequence {bn}n o satisfies (3.2) with ¢ = pg. Then, from (VI.3.1), we
obtain that the function

(3.5) F(w) = (1+w)~ O“an<1+w>

as well as the function

F*(w) = (1+ w)lwai |bn\(1+Lw)"
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is in the class B(ug, ). In particular, if 7 > 0, then F(t) = O{exp((uo + 7)%*t)}
and F*(t) = O{exp((uo + 7)%*t)} when ¢ tends to infinity. Hence, the integral in
(3.4) is absolutely uniformly convergent on each (closed) half-plane Rez < —p?
with p € (pg, 00), i.e. this integral defines a complex-valued function holomorphic
in the half-plane Rez < —pu2.

We define

(0. 9]
n(z) = —(—z)o‘/ F(t) exp(zt) dt—an (z), Rez < —pp, v=0,1,2,.
0

n=0
Then, having in mind (3.5) and [Chapter II, (4.1)], we find that
(e.¢] ta

(3.6) o (2) = —(—z)a/o 1+t{n§16n(1it>n}exp(zt) dt.

If = Rez < —pu3, then we choose 7 > 0 such that (uo + 7)* + 2 < 0. Further,
for every e > 0 there exists T'= T'(¢) > 0 such that

/TOO exp{((po + 7)° + )t} dt < e.

Then we obtain

(3.7) TOO fit i }exp(zt) dt‘
{i ) }exp(xt)dt
< [T e =0 [ " ewl(m + 1+ ey dr) = 0G0
for v =0,1,2,....

Further, we choose N = N(g) > 0 such that < ¢ for

i b(t(1 4 ¢)~H)"

n=v+1

v>Nand 0<t¢t<T. Then (v > N)

(0.¢]

T i«
t t \n
/0 l—l—t{ Z bn<1——|—t> }exp(zt)dt’
n=v+1

= O(e/{f@dt) = O(e).

From (3.6), (3.7) and (3.8) it follows that n,(2) = O(e), v > N, and the
validity of the representation (3.4) is proved.

(3.8)
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Suppose that the complex-valued function f € H(A*(uo)) has the representa-
tion (3.4) in the half-plane Re z < —p2 with F' € B(pg, ). If F is defined by the
expansion (3.5), then from (VI.3.1) it follows that (3.2) holds with o = . By
virtue of (IV.2.3), the series in the Laguerre associated functions { My (a)( ),
with the same coefficients as those of expansion (3.5) converges to a holomorphic
function f in the region A*(up). But, as it was just proved, f has a representation
of the kind (3.4) in the half-plane Re z < —pu2. Hence, f = f, i.e f has an expan-
sion in a series of Laguerre associated functions with parameter « in the region

A" (o).

Examples: (1) If 0 < puo < oo and a > —1, then F(w) = w® exp(pow)
€ B(uo, @). Moreover, from [Chapter II, (2.2)] it follows that

F(w) = (1+w)™ QZL(O 2( L )"

1+t

Since

em@mmna+w@+u@lgj@gaz—ewaAwmew+%nwt

in the half-plane Re z < —p2, from (VI1.3.2) it follows that if z € A*(ug), then

(3.9) Z LO ()M (2) = exp(2ami)T(a + 1)(z + u2) ! (z fug)“.

(2) Suppose that the function F(t),0 < t < oo satisfies the conditions of
proposition (V.4.2) with a = 0 and define

(3.10) Plw) = % /O () exp(—wt) dt.

Since F(t) = O(t~/2exp(—t/2)) for t — 00, F is a holomorphic function in
the half-plane Rew > —1/2 and, moreover, F' € B(e,0) for each positive . If f
is the function, defined by [Chapter V, (4.2)], and Re z < —¢?, then (3.10) yields
that

_ /OOO P () exp(zu) du = —QLM_ OOO F(t){/ooo exp((z — t)u) du} dt
L TED g g,

2 Jo t—z
i.e. if @ = 0, then the proposition (V.4.2) follows from (VI.3.2).

3.21f0 < A < o0 and « € R, then a function f € H(A(\g)) has a representation
for z € A(\g) by a series in Laguerre polynomials with parameter « if and only
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if it is in the vector space L(\) [(V.3.7)]. But if the functions f and g are in
L(Xo), then, in general, it is not true that fg € £(\). For instance, if a,b < 1/2
and a + b = 1/2, then the entire functions exp(az) and exp(bz) are in L(co0) but
exp(az) exp(bz) = exp(z/2) is not in L(oc0).

In the case of Laguerre associated functions the situation is quite different.
Before stating a general result, we need an auxiliary proposition:

(V1.3.3) If F € B(o,a),G € B(1,8), 0 < 0,7 < o0, a,3 > —1, then the
function

(3.11) H(w) = / U FOGw - ¢ de

is in B(max(o,7),a + 5+ 1).

Proof. It is easy to see that if Rew < —1/2 and 0 <t < 1, then
(3.12) (|1 +wt| — |wt]) 7' < (|1 +w| — |w]) ™.

Indeed, if Rew > —1/2, then the function p(t) = |1 + wt| — |wt| is positive and
decreasing on the segment [0, 1]. Hence, for each ¢ € [0, 1] we have the inequality
o(t) > (1) which is equivalent to (3.12).

Further, if F(w) = w*B(w) and G(w) = w’C(w), with B € B(c) and C
€ B(r), then from the definition of the function H(w) by (3.11) it follows that
H(w) = —w* P+ D(w), where

D(w) = /01 (1 — )P B(wt)C(w(1 — t)) dt.

If € > 0, then there exist b(¢) > 0 and ¢(¢) > 0 such that the inequality (3.1)
as well as the inequality

C(w)| < c<g>exp{ (7 +&)*fwl }

1+ w| — [w]
holds. Then, having in mind(3.12), we obtain that

(max(a, T) +€)2|w\}
114+ w| — |w] ’

D(w)] < d(e) exp{

where

d(e) = b(e)e(e) /0 - P

(VI.3.4) Suppose that 0 < 0,7 < o0, a,3>—-1landa+ (> —1. If f
e M@ (g) and g € MP)(7), then fg € M@ (max(o,7)).
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Proof. From (VI1.3.2) it follows that

F(2) = —(—2) /OO F(t) exp(zt) dt, Rez < —o?,

9(2) 5/ t)exp(zt)dt, Rez < —72

where F' € B(o,a) and G € B(7,3). The multiplication rule for the Laplace
transform yields that

f(2)g(z) = —(—z)o”rﬁ /Ooo H(t) exp(zt) dt, Rez < —(max(c,7))?,

where H is defined by (3.11). Moreover, from (VI.3.3) we obtain that H

€ B(max(o,7),a+[+1) C B(max(o,7),a+ (). Therefore, by virtue of (VI.3.2),
the function fg has a representation as a series in the Laguerre associated functions
{Mémrﬁ)(z)}?f:o in the region A*(max(o,7)).

Corollary. If f,g € M©(110),0 < py < oo, then fg € M©(u), ie. every
space M (119),0 < po < 00, is an algebra over the field of complex numbers.

4. Fourier transform and the representation by series in Hermite
polynomials and associated functions

4.1. As in the Laguerre case there is another approach to the representation
problem by series in the Hermite polynomials. In a similar way, i.e. using the
integral representation [Chapter II, (3.4)] or [Chapter II, (3.5)] of Hermite polyno-
mials, we can prove a proposition like (VI.1.4). But it is much more convenient
to make use of the last proposition as well as of the relations between Hermite
and Laguerre polynomials [Chapter I, (5.24), (5.25)]. Recall that by £ we denote
the C-vector space of complex-valued functions which are holomorphic in the strip
S(ry) ={z € C:|Imz| < 1}, 0 < 79 < oo, and have there representations by
series in Hermite polynomials.

(VI.4.1) Suppose that 0 < 79 < 0o. A complex-valued function f is in the
space E(Ty) if and only if the representation

(4.1) f(z) = /_o;{él(ﬂ) + t®y(t*) Y exp(—(t — iz)?) dt

o0
= 2exp 2° / exp(—t*){® (%) cos(2zt) + it Dy (%) sin(22t)} dt
0
holds in the strip S(7y), where the functions ®; and ® are in the space G(7).

Proof. Suppose that g is an even function of the space £(7p), i.e. g(2)
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= ZanHm ), z € S(70). Since g(1/z) is single-valued, it is holomorphic in the

reglon A(7p) and, due to the relations [Chapter I, (5.24)], it has there a represen-

tation by a series in the Laguerre polynomials {Ln_l/ 2)(2)}720:0. Then (VI.1.4)
gives

9(Vz) = eXPZ/OO e exp(—t)Cﬁl(t)Bq/z(zt) dt,

0
where ®; € G(7;). Since B_jy(w) = w1/4J_1/2(2\/@) = 7712 cos(2y/w)
[Appendix, (2.11), (a)], we have

o0
g(z) = 2exp 22/ exp(—t2)®,(t?) cos(2zt) dt,
0

where @, (w) = 7128, (w) i.e. D1 € G(1).
Suppose that the function h € £(7) is odd, i.e. h(z anH2n+1

€ S(79). Then the function (1/z) 'h(y/2) is analytic in the sunply connected re-
gion A(7p), hence, it is holomorphic there. Moreover, due to the relations [Chap-
ter 1, (5.25)], for z € A(7) it has a series representation by the polynomials

1/2
@),
Further, using (VI.1.4) as well as that B, ,(w) = w_1/4J1/2(2\/w)

= 7 Y/2(/w) " 'sin(2y/w) [Appendix, (2.11), (b)] we obtain the representation
o0
h(z) = 2iexp 22/ texp(—t2)®y(t?) sin(22t) dt, z € S(7y),
0

where ®5 € G(19).

In the general case f(z) = g(z) + h(z), where g(2) = (f(2) + f(—2))/2 is even,
h(z) = (f(2) — f(—%))/2 is odd and, moreover, if f has a representation by a series
in Hermite polynomials in S(7p), then so does each of the functions g and h.

Conversely, suppose that the function f has a representation of the form (4.1)
in the strip S(70), where the functions ®;,j = 1,2 are in G(7). Suppose that

(0.9]

Qj(w) =) (n!)” La)w™ j = 1,2. Then for each z € S(79) we have

n=0

(4.2) f(z) = 2exp 2 /OOO exp(— {i tm} cos(2zt) dt

n=0

(0.9]

o0
+2exp z2/ eXp(—tQ){Z(n!)*lag)tm“} sin(2zt) dt.
0

0
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Further, exchanging the summations and integrations, and taking [Chapter I,

Exercise 30] into consideration, we obtain that f has a representation as a series
in Hermite polynomials in the strip S(7p).

4.2 As an application of (VI.2.1), we are able to give a necessary and sufficient
condition for a complex function to be in the space G™(79),0 < 79 < 00, i.e. to
be representable in the half-plane H" (1) : Imz > 79 as a series in the Hermite
associated functions {G};(2)}52,. Indeed, the relations [Chapter I, (5.26), (5.27)],
the equalities K /5(z) = K_, ,(2) = \/m/2zexp(—z) [Appendix, (2.13)] and the
proposition (VI.2.1) lead to the following result:

(VI.4.2) A complex function f is in the space G*(79),0 < 79 < o0, if and only
if it has the representation

(4.3) f(z) = /OOO{\Ifl(tQ) + tWy (1)} exp(—t* + 2izt) dt, z € H' (1),

with Uy, Uy € G(—T()).

Remark. The above assertion remains true if we replace the space G*(75) by
G (79), the half-plane H*(79) by H™ (—7p) : Im 2z < —7¢ as well as z by —z.

5. Representation of entire functions of exponential type
by series in Laguerre and Hermite polynomials

5.1 Now we shall see that for entire functions of exponential type it is possible
to give sufficient as well as necessary conditions in order that they are representable
by series in Laguerre or Hermite polynomials in terms of their indicator functions.

(VL.5.1) If f is an entire functions of exponential type and h(0) < 1/2, then
f € LY (00) for each a > —1.

Proof. Denote by B(f;z) the Borel transform of f and define the entire
function ®(f;w) by

oy L —1—a wg :
bafiw) = g [ (107 e (7" B O e

where 7 is a positively oriented Jordan curve which is located in the half-plane
Re ¢ < 1/2 and contains the conjugate diagram of the function f in its interior.

It is easily seen that &, (f;w) is of exponential type and, moreover, that its
type is less than one. Therefore, ®,(f;w) € G(o0) and then from (1.12) we obtain
that for z € C

expz/oOO t% exp(—t)®a(f;t)Ba(2t) dt = % LGXP(ZC)B(f;C) d¢ = f(2)

and (VI.1.3) yields immediately f € £(%(c0).
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Remark. Observe that the above assertion is not true if & ¢(0) = 1/2. Indeed,
the entire function exp(z/2) cannot be represented in the whole complex plane by
a (convergent) series in the Laguerre polynomials {L%a)(z)}%io,a > —1, since it
is not in the space L(oc0) [(V.3.7)]. In fact it is not in the space L()\g) for any
Ao € (0, OO)

The next proposition could be considered as an inverse of the preceding one.

(VI.5.2) Suppose that the entire function ®, defined by the equality (1.3), is
of exponential type and that its type is less than one. If « > —1, then (1.8) defines
an entire function of exponential type and, moreover, h¢(0) < 1/2.

Proof. Denote by 7 the type of ®. Since 7 = limsup,, |an|1/" < 1, it
follows that limy,_—co(2y/n) *log|ay| = —oco and from (VI.1.2) we obtain that
® € G(o0). Then (VI.1.3) yields that in the case under consideration (1.8)
defines an entire function. If B(®;w) is the Borel transform of ®, then (1.8) and
(1.12) yield that for p € (,1),

60 f@ =g [ 007 ew(—p ) B0
Denote
M (p) = max{|(1 = )" "*B(®;¢)| : ¢ € C(0;p)}
and

a(p) = max{|[¢(1 - )7 : ¢ € C(0; p)},

then from (5.1) it follows that for z € C,|f(z)| < M(p)exp(o(p)|z|). Hence, f is
of exponential type and, moreover, (5.1) yields the estimate

(5.2) hp(0) < max Re{-((1- O =p1+p) < 1/2.

Remark. Since the inequality (5.2) holds for each p € (7,1), we have in fact
he(0) <7(14+7)7h

5.2 Now we are to pay some attention to the representation of entire functions
of exponential type by series in Hermite polynomials. Again, the main tool we are
going to use is the Borel transform.

(V1.5.3) Every entire function f of exponential type is representable by a series
in the Hermite polynomials in the whole complex plane. Moreover, if {an}5°,, are
the coefficients of the representation, then

O r(k+n)
(5.3) an = (n12") 7y fk'—élk(o), n=0,1,2,
k=0 )
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Representation of entire functions. . .

Proof. Denote by C a positively oriented circle with center at the origin which
contains the indicator diagram of the function f in its interior. Then, substituting
w = (/2 in [Chapter II, (3.2)], we find that

1 o0 o0
f(z) = o L{;(H!Qn)_lHn(z)ﬁn} exp(C?/4)B(f;¢) d¢ = ;anﬂn(z)
where ap, = (n!2")"b,, n=0,1,2,... and
b= 55 [ € expl GBI G 0 =0.1,2..

If 7 is the type of f, then from the expansion B(f;() = Zf ) (0)¢~* 1 which

holds in the neighbourhood C\ U(0; 7) of the point of mﬁmty, it follows that

b= 5z [ ¢ explC/4) {Zf(’“ 0+ L

= Z{% / ¢"F L exp(¢?/4) dc}f<’f><o>, n=01.2 ...
k=0 c

Since
/ P lexp(¢3/4)d¢ =0, k=0,1,2,...n—1,
C
we find that
o
bn =Y Bk f®(0), n=0,1,2,...,
k=n
where
k! —k—1 2
ﬁkn:—./ " exp(¢Z/4)d¢, n=0,1,2,...;k=nn+1n+2,....
2m Jo

Further, from the expansion

0 25—V
Cyexp(€2/4> = Z@W? v= 071727"'

it follows that (., = k!/(k — n)!4k_”, n=0,1,2,...;k=n,n+1,n+2,... and,
thus, we obtain the representations (5.3).

Now, we are going, as a corollary of the above proposition, to give a test for a
series in the Hermite polynomials to represent an entire functions of exponential

type.
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(VI.5.4) The sum of a series in the Hermite polynomials with coefficients
{an}2, is an entire functions of exponential type not greater that o if and only if

(5.4) A = limsup |n!an|n/2 <a/2.

n—oo

Proof. If f is an entire function of exponential type o, then for each 7 € (0, 00)
there exists a positive constant M = M (7) such that the inequality | f*)(0)]

< M7" holds for k = 0,1,2,.... Then the coefficients representations (5.3) yield
lan| < M(n127) 17" exp(7/4). Hence, limsup,,_, . [nlan|"/™ < 7/2 and since 7
€ (0,00) is arbitrary, (5.4) follows.

Conversely, suppose that (5.4) holds. If p € (6/2,00), then there exists a po-
sitive integer ny = no(p) such that |a,| < (n!)~1p" for n > ngy. Since n! > (n/e)",
we find that (2n/e)"/2|an| < (2ep?/n)"/? and, hence, limy, o0 (2n/€)"/?|ay| = 0.
From (II.3.1) it follows that the series in the Hermite polynomials with coefficients
{an}o2, converges in the whole complex plane. Let f be its sum and let ¢ be the

sum of the Maclaurin series with coefficients {kla;}?° . Then for z € C we find
that

(5.5) flz)=> (n)~ Hn(z){g Klag (2mi) ™ /C (

n=0

C?’L—k—l dg}

0;0)

= (2mi) ! /C(;p){i k!akg_k_l}{i(n!)_lHn(z)C”}dC

k=0 n=0

and, having in mind [Chapter II, (3.2)], we obtain the representation

(5.6 )= mi)™ [ (= 22000

Notice that both series in the second row of (5.5) are uniformly convergent
on the circle C(0;p) and, hence, the exchange of summation and integration is
possible.

Further, from (5.6), it follows that f is of exponential type not exceeding 2p.
Since p € (0/2,00) is arbitrary, we find that f is of type not greater than o.

Exercises

1. Suppose that 0 < 79 < oo and f € G*(79). If 7 > 79, then the asymptotic

expansion

> C
f(Z)N Zn—"j_laz_>00

n=0
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holds in the closed half-planes H*(7), where

n

li 2v/n) 11 Sk Sk o

msup(2y/n) " log kz%( STt ST
and o

li 2v/n) 1 VIG5 S gy

ITILILSO%p( vn)"'log g( ) Th+3/2)| = o0

Conversely, if the above inequalities hold and, moreover, if for each 7 > 7y it
is satisfied the equality

n-1 g
lim z"{f(z)—zzkﬂ}:o

ze€H*(1),2—00 k=0

for the function f € H(H™(79)) uniformly for n > ng(7), then f € G(7p).
2. Justify the exchange of the summations and integrations in (4.2).

3. As an application of (VI.2.1) prove that if z € C\ (—00,0],{ € C\ [0,00)
and Re 21/2 > Re(—()Y/2, then

_227(1/2(_00/2 /OOO Jo(2V2t) Ko (2y/—Ct) dt = !

(—=z

provided a > —1.

4. Suppose that 0 < p1g < 0o and o € R\ Z™. Define the mapping M, o of the
space M@ (pg) in the space G(—po) assuming that to a function f represented
in the region A*(uo) by the series [II, (2.5)] there corresponds the entire function
(2.2). Prove that M), . is an (algebraic) isomorphism of M@ (o) and G(—puo)
considered as C-vector spaces.

5. Suppose that 0 < p19p < 00 and a € R\ Z~. Define the mapping L, o of the
space M@ (1) into the space B(ju, ), assuming that to a function f represented
by the series [Chapter IV, (2.5)] there corresponds the function F' defined by
(3.5). Prove that L, « is an (algebraic) isomorphism of M@ (ug) and B(uo, c)

considered as C-vector spaces.

6. Denote by G(7),0 < 75 < oo, the set of all entire functions of the kind
d(w) = &y (w?) + wdy(w?) provided &y and P, are in G(). Verify the validity
of the proposition that (4.1) establishes an (algebraic) isomorphism of £(7y) and

G (7o) considered as C-vector spaces.

Comments and References

The idea to "engage” classical integral transforms in the problem of represen-
tation by series in Laguerre and Hermite polynomials is not new. It has been used
e.g. in a paper of ERVIN FELDHEIM [1].
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The results, given both as propositions and as exercises, show that the vector
spaces of holomorphic functions which are representable e.g. by series in Laguerre
polynomials or in Laguerre associated functions, are isomorphic, via integral trans-
forms of Hankel or Meijer type, to suitable vector spaces of entire functions of
exponential type.

The "key Lemma” (VI.1.2) as well as the proposition (VI.1.3) can be found
in in [P. RUSEV, 8, 9, 10, 24, 25] and (VI.1.4) is due to L. BOYADJIEV [2].

The proposition (VI.2.4) as well as that given as Exercise 1 is due to I.
KASANDROVA [1]. It provides a "growth” characteristic of the functions in the
space MY (g), —1/2 < a <1/2,0 < pg < 0.

We note that (VI.2.2) is a "slight” modification of a Lemma due to T. CAR-
LEMAN [1, p.16, I]. The proposition (VI1.2.3) is given in [E. RIECKSTINS, 1, p. 63,
Theorems 4.3, 4.3/].

The proof of (VI.3.1) can be found in [P. RUSEV, 26] and that of the "mul-
tiplication rule” for the spaces of the kind M@ (1) is published in [P. RUSEV,
19).

The proposition (VI.5.1) is proved in [R.P. Boas and R.C. BUck, 1, p. 40,
(X)]. Its "converse”, i.e. (VI.5.2) is due to L. BOYADJIEV [3]. The coefficient’s
criterion in order that a series in the Hermite polynomials to represent an entire
function of exponential type can be found in [L.. BOYADJIEV, 4].
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Chapter VII

BOUNDARY PROPERTIES OF SERIES IN JACOBI, LAGUERRE
AND HERMITE SYSTEMS

1. Convergence on the boundaries of convergence regions

1.1 The asymptotic formulas for the Jacobi systems as well as the correspond-
ing formula of Christoffel-Darboux type for these systems allow to study the con-
vergence of series in Jacobi polynomials and Jacobi associated functions on the
boundaries of their regions of convergence. This can be realized, as in the classical
theory of Fourier series, by means of appropriate asymptotic formulas for their
partial sums.

Here we restrict our considerations to Jacobi series representations of functions
in the spaces H(E(r)), H(E*(r)),1 < r < oo, defined by means of Cauchy type
integrals.

The following auxiliary proposition is an analogon of the classical Riemann-
Lebesgue Lemma.

(VII.1.1) Suppose that —oo < A <a <b< B < oo and —o0o < 6 <0y < o0
are such that 61 < A—a and 0 < B —b. Let h(t), A <t < B, be an L-integrable
function and let g(t,0),a < t < b,6; < 0 < 0y, be a bounded function with
bounded variation in the interval [a,b] for each fixed 0 € [0;,05]. Then

123
(1.1) lim h(t+0)g(t,0)expiktdt =0

|k|—o0 Jt,
uniformly with respect to ti,ts € [a,b] and 0 € [0, 0s].
Proof. It is sufficient to prove the assertion in the case when h and g are real.
Suppose, in addition, that A is absolutely continuous. Then
12
(1.2) lim h(t +6)expiktdt =0

|k|—00 Jt,

uniformly with respect to t1,ty € [a,b], 0 € [01,05] and this can be proved by
integration by parts.

Further, we apply the second mean value theorem to the real part of the integral
on the left-hand side of (1.1). Thus, we obtain

ty
Rk(e;tl,tg):/ h(t + 0)g(t, 0) cos kt dt
ty

T tz
= g(t1,0) / h(t £ 0) cos kt dt + g(ts,0) / h(t £ 0) cos kt dt.
tl T
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If K =sup{|g(t,0)|:t € [a,b],0 € [0:1,60]}, then

[}
| Ry, (05 t1,t2)| < K{ / h(t £0) cosktdt‘},
T

-
/ h(t £ 0) cos kt dt’ +
2}

and (1.2) yields that lim|k|_>oo Ry(0;t1,t2) = 0 uniformly with respect to ti,to
€ [a,b] and 0 € [0y, 65]. In the same way, we prove that
2
lim 1 (0;t,t5) = lim h(t£0)g(t,0)sinktdt =0

|k| =00 |k|—00 Jt,

uniformly with respect to t,ty € [a,b] and 6 € [0, 0s].

If h is L-integrable and & > 0, then there exists an absolutely continuous
function h(t), A <t < B such that

B -
/ |h(t) — h(t)|dt < e(1+ K)™'.
A
Hence, the inequality

tg -
(h(t +0) — h(t £ 0)g(t,0) expikt dt| < e
t

holds for t1,ty € [a,b],0 € [01,05] and |k| = 0,1,2,.... It yields that (1.1) is true
uniformly with respect to t,ty € [a,b] and 6 € [0, 0s].

(VIIL.1.2) Suppose that a+1, 5+1 and a+(+2 are not equal to 0, —1,—2, . ...
Let ¢(¢) be an L-integrable complex-valued function on the ellipse e(r),

1 < r < oo, and denote by {S(Va’ﬁ)(z)}gio the partial sums of the series in Jacobi
polynomials {Pﬁa’ﬁ)(z)}?f:() which represents the function [Chapter V, (1.1)] in the
region E(r).

Then there exists a sequence of complex-valued functions {rl(,a’ﬁ )(z)}cy’ozo which
are holomorphic in the region C\ [—1, 1], and such that

3) s = o [ RO ), s e 1)

Moreover, lim, r,(/a’ﬁ)(z) = 0 uniformly on e(r).

Proof. Denote by G the region C\ [-1,1]. From [Chapter I, (4.28)], [Chapter
V, (1.1)] and [Chapter V, (1.2)] it follows that if z € G\ e(r) and v =0,1,2,...,
then

o L[ 1-aY,
(14) s = o [ R w0
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Since A,(/aﬁ)(z,z) =1for z € Gand v = 0,1,2,... [Chapter I, Exercise 27,
(a)], {1 — A,(/a’ﬁ)(z,C)}(( — 2)~ ! as a function of ¢ € G \ {2z} has a removable
singularity at the point ( = z and, moreover, the representation (1.4) holds in the
whole region G.

If (z,{) € Gx @, then from the asymptotic formulas [Chapter I11,(1.9)], [Chap-
ter I11,(1.30)] and from Stirling’s formula we obtain that

(15) AL (2,0) = @(=)/w(Q) DD (2,0) + 55 (2,0, v =1,2,3,..,

where D@ (z,¢) and {(5,(/0”5 )(z,C )}52, are complex-valued functions which are
holomorphic in the region G' x G. Moreover,

(1.6) lim 67 (2,¢) =0

V—0o0

uniformly on each compact subset of this region.

From (1.5) it follows that D@9 (z, z) + 6(Va’6)(z,z) = 1 for every z € G and
v =1,2,3,.... Then, having in mind (1.6), we obtain that D(O"ﬂ)(z z)=1in G
and, hence, 5(a’6)(z z) =01in G for each v =1,2,3,.... Assuming that Toa 2 ( )

= S(a’ﬂ (2) for z € G, we obtain the representation (1. 3) with r{* (=) =ry ﬂ ')
+TV aﬂ)( ), vV = 1,2,3, ceey Where

T (o, 9) L 1_D(a”8)(27C) w v
07 0 = 5 | @ O O dG, v =125,

271 — 2z

and

japy o L[ @ )
18 56 =g [ F @O O v =123,

If 0 < 7 < d(r) =dist(e(r),[—1,1]), then we define M(7) = U.ce(nU(2;7).
Obviously, M(7) is a compact subset of the region G and e(r) C M(7). Further
we define my (1) = max{|5} ’6( O 2 (2,¢) € e(r) x M(7)}. Then Schwarz’s
Lemma gives |5\ )( ,O(C—2)"Y <my(r)r ! provided (z,¢) € e(r) x M (1) and
v=1,2,3,....

If u(t) = (rexpit +rtexp(—it))/2 and ¢(t) = ¢(u(t)), t € R, then substi-
tuting ¢ = u(t), —m <t < 7 in the integral in (1.8), and taking into account that
lw(z)/w(C)| =1 for (z,() € e(r) x e(r), we obtain that

™

%9 (z) < (2m)—1my(7)/ (O (t)dt, v =1,2,3,...

—T
for z € e(r). Hence, lim, s T(V?;)(z) = 0 uniformly on e(r).
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If (2,¢) € G x G, then we define D@P)(z,¢) = (1=D@P(z,¢))(¢—2)"" when
z # ¢ and assume that D@9 (z, 2) = {dD@F) (2, ()/9C}¢—.- It is easy to see that
this function is holomorphic in G x G.

We set w(z)/w(() = exp(—it),—m < t < 7, in the integral (1.7) and since
¢ =u(t+0) for z=u(f),—m <0 <, we find that

™
r,(/fyl’ﬁ)(z) = / o(t+0)g(t,0) exp(—ivt)dt, v =1,2,3,...,

—T

where 5@ (t,0) = (2ri) "L D@D (w(0), u(t + 0))u/ (¢ + 0).

If 0 € [—m, ) is fixed, then §(®P (¢, 0) as a function of ¢ € R is in the class
C°°. Hence, it has a bounded variation in the interval —7 < t < w. Moreover, as a
function of the variables ¢, 0, it is bounded for (¢,0) € R x [, 7r|. Then (VII.1.1)
yields that

™

lim [ @t + 0)§ @D (t,0) exp(—ivt)dt = 0
V—00 —T

uniformly with respect to 6 € [—m, 7], i.e. limy o r(y?‘l”g)(z) = 0 uniformly on e(r).

We define e(z,7) = e(r) NU(z;7) for z € e(r) and 0 < 7 < d(r), i.e e(z,7)
is that arc of the ellipse e(r) which is contained in the closed disk U(z;7). We
suppose that this arc is positively oriented and denote by z; ; and z; ; its initial
and end-point, correspondingly. By setting w(z)/w(({) = exp(—it), the parametric
equation of the ellipse e(r) becomes ( = u(t + 60),—m < t < 7. Since the point
z = u(f),—m < 0 < m corresponds to t = 0, we have z;, = u(t;, +0),j = 1,2,
where —m <t 7 <0 <tyr <.

(VIL.1.3) Suppose that a+1, 5+1 and a+[(+2 are not equal to 0, —1,—2, . ...
Let é(r) C e(r),1 < r < o0, be a closed arc (which may reduce to a point) and let
©(C) be an L-integrable (complex-valued) function on e(r) such that:

(a) ¢ is bounded on é(r);
(b) for each € > 0 there exists T = 7(¢) € (0,d(r)) such that

/ e(¢) — »(2)
e(z,7)

(—=z
for z € é(r), where m(r) is the Lebesgue measure on the ellipse e(r).

dm(r) <e

Then the series in Jacobi’s polynomials {Pﬁa’ﬁ )(z)}%ozo which represents the
function [V, (1.1)] in the region E(r) is uniformly convergent on the arc é(r) and

1 (¢) 1
(1.9) By /e(r) —2 d¢ + 5@(2)

is its sum for z € é(r).
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Proof. From the assumption (b) it follows that if z € é(r), then the integral

1 ©(¢) — ¢(2) dc

271 e(r) C—Z

exists as a main value in the Cauchy sence. Since in the same sence we have

1 d¢ 1
i e(r)C—Z_§7 z € e(r),
the integral
1 1 —
o | Hace [ A= gy L [ EE e
2mi e(r) C -z 2mi e(r) C —Z 211 e(r) C —Z

also exists in the Cauchy sence. Then from (1.3) it follows that for z € é(r) and
v =0,1,2,...

sody L[ Qe o, e [ 1= @),
(2) /em ¢+ 2 /em ¢

- 2mi (—z 271 (—z

B sz w(O)Y B,
zm/em L2 e ) g+ 1502)

The point z is a removable singularity for each of the functions

{1 = (w(z)/w(@)"}HC—2) " v=012...,

considered as functions of ¢ in the region {G \ {z}} U {oc}. Hence, the Cauchy
integral theorem yields that for R > (r +r~')/2 and v = 1,2,3, ...,

L = wE/WQ)” L 1 — (w(z)/w(()”
2mi /e(r) (—z = om /C( R (-2

where C'(R) is the positively oriented circle centered at the origin and with radius

R.

Since

dg,

1

lim (w(z)
R—00 JCO/(R) ¢ —

we obtain that

(1.10) % /em 1= (“’C(Z_)/;(O)V =1, v=123,....

/:(C))V d§:27T2', v=1,23,...,

Hence, for z € é(r) and v = 1,2,3,... we have that

a 1 1
(1.11) S0 (z) = %/em go(Tode +5¢(2)
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Boundary properties of series. . .

1t/ P =) () ol de + P ()
e(r)

2mi (-2

Define
B P(Q) = 9(2) e
ha@)= [ PR ) i

and

) P = ¢2) )
ha@)= [ IO

provided z € é(r) and v = 1,2,3,....

If £ > 0, then the assumption (b) yields that there exists 7 = 7(¢) such that
[Iy1(2)] <efor ze€é(r)and v=1,2,3,....

Further, substituting w(z)/w({) = exp(—it), —m < t < 7, in the integral I, 5(2),

we obtain
ti,r

Ia(z) = ( + /t:T)gb(t+9)g(t, 0) exp(—ivt) dt

-7

—so(z)( tl’T+/t:T)g(t70) exp(—ivt) dt,

—T
where g(t,0) = {u(t + 0) — u(0)} 1/ (t +6).

Since the arc é(r) is a compact set and t; -, j = 1,2 as functions of z € &(r) are
continuous, it follows that t(Tl) = supt; r is negative and t(TQ) = inf ¢y r is positive.
Let z; = u(fj),j = 1,2 be the end points of the arc é(r). It is clear that the
function g(¢,6) is bounded for ¢ € {[—m, ") U [t 7]} and 6 € [61,65]. Moreover,
if 6 is fixed, then this function has bounded variation on each of the intervals
[—, t(Tl)], [t(TZ), 7]. Then (VII.1.1) yields that there exists a positive integer 1

= 1y(e) such that |I,2(2)| < ¢ for z € é(r) and v > 1. Thus, we find that

lim ©(¢) — ¢(2)

V=00 Je(r) (—=z

(w(z)/w(())”dC =0

uniformly on the arc é(r) and the assertion we have to prove is a corollary of
(1.11).

We say that the function ¢ satisfies Holder condition with exponent 7 € (0, 1]
on the arc é(r) if there exist constants K and 7 € (0,d(r)) such that |p(() — ¢(2)]
< K| — 2|7 for z € é(r) and ¢ € e(z,7). It is easily seen that in such a case
the condition (b) of (VIIL.1.3) is satisfied. Now we can formulate the following
proposition:

(VIL.1.4) Suppose that a + 1,5 + 1 and o + 8 + 2 are not equal to
0,—1,-2,...,1 < r < oo, and let f be a complex-valued function continuous
on the closed set E(r) and holomorphic in E(r). If f satisfies Holder’s condi-
tion on the arc é(r) C e(r), then the series [IV, (1.2)] in the Jacobi polynomials
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Convergence on the boundaries of convergence regions

{Pfla’ﬁ )(z)}%ozo which represents the function f in E(r) is uniformly convergent on
é(r) with sum f(z) for z € é(r). In particular, if é(r) = e(r), then this series is

uniformly convergent on E(r).

Proof. The generalized Cauchy integral formula yields that

_ 1 f(¢)
f(Z) T 2w e(r) ¢—=z

d¢, z € E(r).

Moreover, it holds the equality

1 fQ) . 1
%/em@dC—yt(z)

for z € e(r). Then as a corollary of (VII.1.3) we obtain that the series [Chapter
IV, (1.2)] is uniformly convergent on the arc é(r) and that f(z) is its sum for
z € é(r).

If é(r) = e(r), then the uniform convergence of the series [IV, (1.2)] on e(r)

and the maximum modulus principle imply its uniform convergence in the region
E(r).

1.2 The possibility to prove assertions about the convergence of series in Jacobi
polynomials on the boundaries of their regions of convergence is due to the fact that
the coeflicients of these series have integral representations in terms of the Jacobi
associated functions. Let us note that the last property is a direct corollary of the
Christoffel-Darboux formula for the Jacobi systems and of the Cauchy integral
theorem as well.

In the case of series in Laguerre and Hermite polynomials the situation is
rather different. If we want to use integral representations of their coefficients
in terms of the corresponding associated functions via formulas of Christoffel-
Darboux type, then we have to confine ourselves to classes of holomorphic functions
having Cauchy type integral representations in regions of the kind A(\g),0 < Ao
< 00, and S(7p),0 < 19 < 00, respectively.

We define 7(z,¢) = (—=2)Y/2 — (=¢)Y/2 and E,(z,¢) = exp{2n(z, Vv + 1}, v
=0,1,2,... provided z,{ € C\ [0, 00).

(VII.1.5) Suppose that 0 < A < 0o, € R\Z™, and that F' is a complex-valued
function which is L-integrable on the parabola p(\) and satisfies the condition [V,
(3.27)].

If {S,(/a)(z)},cﬁo are the partial sums of the series in the Laguerre polynomials
{L%a)(z)}%ozo representing the function [Chapter V, (3.28)] in the region A(\), and
{ri(2) o Is the sequence defined for z € p(\) by the equalities

(112) S92 = %/M %”f’op(g) A +r90), v=01,2,. ..,
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Boundary properties of series. . .

then im0 7™ () = 0 uniformly on each finite arc of p(\).

Proof. First we note that ( = z is a removable singularity of the function
E,(z,(¢) for each v = 0,1,2,.... From [Chapter V, (3.29)], [Chapter V, (3.30)]
and the Christoffel-Darboux formula for the Laguerre systems we obtain that for
z € p(\)

o 1 _A(Va) 9
(1.13) S5 (2) = %/pw %F(g)dg, v=0,1,2,....

Suppose that p(\) is a finite (closed) arc of the parabola p(\) and define
m(p(\)) = max{|z|;z € p(N)}. If p > max(1,2X% m(p()))), then we denote by
['(), p) the arc of p(\) lying in the disk U(0; p). The asymptotic formula [Chap-
ter III, (2.3)], the inequality [Chapter III, (5.1)], Stirling’s formula as well as the
requirement [Chapter V, (3.28)] lead to the conclusion that

1 — A(a)
(1.14) lim MP
P20 Jp(M\L(A,p) -z

(€)d¢ =0

uniformly for z € p(\).
Since |Ey(z,()| =1 for z,{ € p(A\) and v =0,1,2,..., we have

. 1 - EI/(’Zv C)
1.15 1 SR R(C) d¢ =0
9 proe /pm\m,m ErE

uniformly for z € p(\).
The validity of the asymptotic formula (1.12) will be established if we show

that . L Ey(e0)
. () L — Lylz, o
T {s,, () - o [g LR dc} 0

uniformly for z € p(\).

If m(p) = max{|z| : 2 € p} and p > max(1,2)\? m(p)), then we define for
zep(A) and v =0,1,2,...

ANV (2,¢) = Ey(2,0)
(—z

1
(1.16) DS (pi2) = — /
INOW)

2

F(¢) dg.

Therefore, in view of (1.15) and (1.16), it is sufficient to prove that if p
> max(1, 2%, m(p)), then

(1.17) lim D™ (p;2) =0

V—00
uniformly for z € p(\).
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Convergence on the boundaries of convergence regions

Using the relations [Chapter IV, (2.6)] and [Chapter III, (2.10)] we obtain the
representation (z,{ € C\ [0,00),v =1,2,3,...)

I'(v+2)

o (a—1) (@) (@)
m{( OLVH( )Mu+1 (C) _Ll/-i-l( )MV-H(O}

AS/OZ)(Z’ C) =

Further, from the asymptotic formulas for the Laguerre polynomials and asso-
ciated functions we obtain

(1.18) A (2,0) = {BD(2,0) + & (2, O} Eu(2,€), v =1,2,3,...,

where E(¥(z,¢) and {Sl(,a)(z, () are complex functions which are holomorphic in

the region (C\ [0, 00)) x (C\ [0, 00)) and, moreover, lim, gl (z C) = 0 uniformly
on each compact subset of this region. We note also that E(¥(¢,¢) = 1 and

a)(C ()=0for (eC\[0,00) and v =1,2,3,.
From the asymptotic formulas [Chapter III ( 3)] and [Chapter III, (3.1)] it

follows that E(® Zs h (@) , Where sg.a), hga), j = 1,2, are holomor-

phic functions in the reglon C\ [0,00). Then, from (1.16) and (1.18), we obtain

that D ZDV Pz , where
(a) (@) (@)
s (2) hi:7(C) — by (2)
D' J / J E dc, j=1,2
v,j (:07 Z) omi FOp (=2 I/<27C) (O ¢, J
and

Using Schwarz’s Lemma, we prove easily that if p > max(1,2X% m(p)) is fixed,
then

1 (2, 0)
: (@ 0N — i v _\ms) F =
th Dy 5(p; 2) th o oy € Ey(z,Q)F(¢)d¢ =0

uniformly for z € p(\).
Let 0 < § < A? and denote y(z,9) = p(A\) NU(z;6). Then

(@) 570 (2) (@)
Dyj(p;z): ! . (/ +/ )Hyj(z7<)d<7j:1727
’ 2m \Jrop\vizd)  Jyze/

where H( (2,0) = {1(¢) — ()} (¢~ 2) ' Eyl(2, OF (), j=1,2.
Let z = (0 — X\i)%,0;, < 0 < 6, be a parametrization of the arc p(\)(#; and
0y correspond to the initial and to the endpoint of p()), respectively), and let
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Boundary properties of series. . .

C=(t+60—Xi)t; <t <ty(t; and ty correspond to the initial and to the end
point of I'(\, p), respectively, and, evidently, they depend on p and z). If we denote
h(t) = F((t — Xi)?)(t — \i), then (j = 1,2)

(@) .
D, j(p:z)

U [ ) e e s et

where t; < 13 < 0 < 7 < t9, and 73, kK = 1,2, correspond to the initial and
to the end point of the arc y(z,0) C p(\), respectively, i.e. they are uniquely
determined by the equations (7, + 6 — \i)? = dexpipy,0 < @1 < T < @y < 27.
Their solutions are 7, = —dsin g/ (2)), T/ (T + 0)2 +4X2 = 76,k = 1,2, and,
hence, limg_,, 7. = 0,k = 1,2, uniformly for § € [0, 6,]. Moreover,

(@)

(1.19) %iné |70t = %irr}]{(rk F0)2 AN = (02 44N V2 £ 0,00, k= 1,2,

uniformly for 6 € [0, 92]

Since the function s ( ){h(a (¢)— ‘O‘)(z)}(g—z)_l, j = 1,2, has a removable
singularity at the pomt ( =z, it is bounded as a function of ¢ € T'(\, p) and
z € p(\), and this yields the inequalities (j=1,2)

s70(2) B0 - h ()
/T t(t + 20 — 2)i)

: h(t + 0) exp(—2itvVv + 1 dt‘<K/ h(t + 0)| dt,
T 1

where K is a constant not depending on v and 6.

From (1.19) and the absolutely continuity of the Lebesgue integral we may
assert that if ¢ > 0, then there exists 6 = d(¢) > 0 such that the inequality
Kf;;2 |h(t + 0)|dt < &/2 holds for 0 € [6,,05].

Due to the choice of 6, for every 6 € [0, 0] the function
(846 = Xi)2) — hE((0 = Xi)?)
t(t + 20 — i)

g\ (t,0) = Li=12

has a bounded varation as a function of ¢ € [t1,7](j = 1) and ¢ € [m,t:2](j = 2),
respectively. Moreover, it is bounded on the sets [t;,71] X [61,02](7 = 1) and
[T2,ta] X [01,0](j = 2) respectively. Since h(t) is L-integrable on every finite
interval and each of the functions s( ), =1,2, is bounded on p(A), from (VII.1.1)
it follows that there exists a posmve integer vy such that for v > vy and 6 € [0y, 65]

(a

ty _pl@,
/t1 / ) t_|_29_2)(\1)>h(t+9)eXp(—2it\/l/+1)dt < €/2.
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Convergence on the boundaries of convergence regions

This considerations imply |D£O;?(p; 2)| <e, j=1,2 for z € p(A) and v > vy.
Thus, the validity of (1.17) is proved.

(VII.1.6) If 0 < A < oo, then

1 |- E
(1.20) lim 1= B0 4o g
poow—00 2mi Jr(rg (=2

uniformly on every finite arc of p(\).

Proof. Suppose that p(\) is a finite arc of p(A) and let it be parametrized as
in the proof of (VII.1.5), i.e. z = (6 — Xi)%,0; < 0 < 0y, —00 < 0 < 0, < oo. If
p > max(1,2)\% m(p)), then we parametrize the arc T'(), p) again by ¢ = (t + 6

—Xi)% ty <t <ty It is easy to see that

(1.21) t1=—0—/p—X2, to=—0++/p— )\
If )
1 1—-FEy(z,(¢
Ry
V(p ) 211 F(/\,,O) C— z
then
1 (B (1 —exp(—=2ity/v+ 1)) (t + 0 — \i)
1.22 Ry(p;2) = — dt
(1:22) vpiz) = = /t t(t + 20 — 2)i)
1 [T 1—exp(—2ity/v +1) ity L /tz dt
2wy, ¢ 270 Jy, t+ 202Xi
1 /t2 exp(—2it\/v + 1) g b t2 sin?(2ty/v + 1) "
2mi Jy,  t+20—2Xi iy, t
1 [Psin(2ty/v +1 1 [t dt
+— M dt + — / _—
27 Ji, t 2mi Jy, t+20 —2X\i
_L/tz exp(—2it\/v + 1) 5
2mi Jy,  t+20—2\i '

Since the function ¢! sin?(2ty/v + 1) is odd, the inequality

/t2 sin?(2tv/v + 1) dt‘ B /t2 sin?(2tv/v + 1) dt‘
t

t 4 t

1

< [log((—t1)/t2)| = 10g%’
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Boundary properties of series. . .

holds for v =0,1,2,...,6 € [0y, 6], hence,

b2 sin?(2ty/v + 1
(1.23) lim i/ Sm(tt”+ ) gt —
t

P—00,V—00 Tl

0

1

uniformly for 6 € [6,, 6s].
Since lim, o0(—t1) = lim, o0 t2 = 00 when 6 runs on [0, 6], from the equality

1 [Bsin(2ty/v + 1) g /tlvy+1+/tzvv+1 sin2t
27 Jy, t 21\ 0 t
it follows
b2 gin(2ty/v + 1 1 [ sin2t 1
(1.24) lim sin2tvv +1) 4 —/ =2
p—00,v—00 [y t T Jo t 2

uniformly for 6 € [0, 0].
Having in mind (1.21), we find that

I dt 1 /tz t+20 dH_)\/t? dt
2mi Jy, t4+20—2X\i  2mi Jy (t+20)2 + 4N 7 ) (t+20)7 +4x2

1 Vp—A2)2 40 1 —A\240 -\ -0
= —log (6+vp )+ +—{arctanp—++arctanp—}
47 (0 —+/p—A2)2+4)\2 27 2) 2)\
and, hence,
b2 dt 1
(1.25) lim —_—— = =

p—0 Ji t+20—2M 2

uniformly for 6 € [0y, 05].
Integrating by parts we obtain

/tZ exp(—2ity/v + 1) g — 1 exp(—2ita\/v + 1)
; t+0—2X\ 21 t420-2XN

_exp(—2itivVr +1) N /tQ exp(—2ity/v + 1) gt
f 120 — 2N L 20 —2n2 U

Hence, for 0 € [01,05] and v = 1,2,3,... we obtain the inequality

b2 exp(—2it\/v + 1) 1 1 o dt
— At < =1 T 2 [
f t+20— 2\ WU +1 A o t2+4A

which yields that

(1.26) lim * exp(-2ityy +1)

dt =0
p—00,U—00 [y t4 20 — 2\
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Convergence on the boundaries of convergence regions

uniformly for 6 € [0, 60s].

The desired assertion follows from the equalities (1.22), (1.23), (1.24), (1.25)
and (1.26).

(VIL.1.7) Suppose that 0 < A < oo, € R\ Z~, and that F' is an L-integrable
complex function on p(\) which satisfies the condition [Chapter V, (3.28)].

Suppose that F' is bounded on the finite arc p(\) C p(\) and, moreover, that
for each € > 0 there exists § = §(¢) such that the inequality

(1.27) A W)'M

—Z

dm(\) < e

holds for z € p(\), where m(\) is the Lebesgue measure on p(\).

Then the series in the Laguerre polynomials {L%a)(z)}%‘;o which represents the
function [V, (3.29)] in the region A(\) is uniformly convergent on the arc p(\) and

1 F(() 1
(1.28) 5 mmg_zdé+§F®)

Is its sum.

Proof. From (1.12) it follows that if 2 € p(\),p > max(1,2X?, m(p)) and
v=20,1,2,..., then

~ omi — 2

(1.20) 06 = g [ =P - P ac
L(A,p)

JrF(z)/ 1-E(=0) , L’/(Z’OF(Q ¢
I(\,p)

1
, ¢+ —/
2mi (—= 215 JponNr(ap)  CF
3
1 (2) = D0 vl 2) + 157 (2),
Jj=1

Since |Ey(z,¢)] = 1 for 2, € p(A\) and v = 0,1,2,..., from [Chapter V,

(3.28)] it follows that if € > 0, then there exists py > max(1,2A? m(p)) such that
the inequality

(1.30) |Ays(p;2)| <e/6

holds for z € p(A),p > po and v =0,1,2,....

Since the function F is bounded on the arc p(A), due to (VII.1.6) we can
assert that py and the positive integer vy can be chosen in such a way that the
inequality

(1.31) [Ava(p; 2) = F(z)] <e/6
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Boundary properties of series. . .

to hold for z € p(\), p > po, and v > vy.
The condition (1.27) implies that for z € p(\) the integral

1 mdc

271 p()\) C— z

exists as a main value in the Cauchy sence. If (;, j = 1,2, are the end points of
the arc I'(\, p), then for z € p(A) it holds the equality

- L F(Q) 21 _F(Z) G—2
(1.32) Api(p;z) = 5 /1“(/\,,0) - d¢ 2F(z) i log o
1 F) - F(2)
o /F()\,p) 2 Eu(z7 O ¢

Since lim, o0 log{(¢i — 2)/(¢; — 2)} = 0 uniformly for z € p(A) and F is
bounded on the arc p(A), the inequality

|(27i) " F(2) log{(G1 — 2)/ (G2 — 2)}] < &/6

holds for z € p(A) provided that p > py and py is large enough.
It remains to study the integral
1 F(¢) — F(z2)

Py ———Lu(z,0)d¢
21 F()\,p) C—Z U( )

_ b F(Q) ~F(2) d
2mi (/F<A,p>\v(z,6>+/v<z,6>) (= ou

when ¢ > 0 is small enough.

There exits a constant M > 0 not depending on z and v, and such that for
zep(\) and v =0,1,2,...,

L[ PO=FGE) L PO - F@)
/wz,a) o bl ,C)dg“‘ SML

dm(\).
(zﬁ)‘ C—z *)

27

From the above inequality as well as from the condition (1.27) it follows that
there exists § = §(e) > 0 such that for z € p(\) and v =0,1,2,...

i/ ME,/(,Z,C)(K‘ < ¢/6.
v(2,0)

271

If this ¢ is fixed, then by means of (VIL.1.1) we prove the inequality

1 / F(¢) — F(z)
2m Jrop\(z8) 6T #

By (=0) dc\ < /6
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(C,6)-summability on the boundaries of convergence regions

for z € p(\) provided v is large enough.
Let p > py be chosen such that for z € p(\)

1 F(¢) ‘
— ———d
2m'/pwg T I

Then, from (1.32) it follows that for z € p(\) and for sufficiently large v

(1.33) ‘Aml(p; 2) L / fﬁo d¢ + 1F( )| <e/2

- 2mi

Further, (VII.1.5) yields that |r1(,a)(z)| < ¢/6 for z € p(\) provided v is large
enough. Then, taking into account (1.29), (1.30), (1.31) and (1.33), we conclude
that for such z and v
1 F(¢) 1

d¢ — —F(z)‘ <e.

(@)
Sv(z) = 27m§—z 2

Remark. If the function F satisfies a Holder condition on the arc p(A), i.e. if
there exist constants K > 0 and 0 < k < 1 such that |F(¢) — F(z)| < |¢ — z|" for
¢,z € p(A), then the requirement (1.27) is satisfied.

As a corollary of (VII.1.7) we can state the following proposition:

(VIL.1.8) Suppose that 0 < A\ < oo, € R\ Z~, and let f be a complex
function which is continuous on the closed region A()\) and holomorphic in A()).
Suppose that f satisfies the following conditions:

(a) there exists § > 0 such that |f(z)| = O(|z|"/*7%) when z — oo in A(N);
(b) / 27| £(2)|dm(\) < o0, & = max(—1,a/2 — 5/4).
PN

If f satisfies Holder condition on the finite arc p(A) C p(\), then the series in
the Laguerre polynomials {L{"”(2)}¢, which represents f in the region A()) is
uniformly convergent on p(\) and f(z) is its sum for each z € p(\).

2. (C,0)-summability on the boundaries of convergence regions
2.1 Let us remind that a series
(2.1) D un, up €C, n=0,1,2,...
n=0

is said to be summable by the Cesaro means or, breafly, Cesaro-summable, if there
exists

o= lim o, = lim
n—00 n—oo n +

1{So+81+82+"‘+8n},
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Boundary properties of series. . .

14
where s, = Zuk, v=20,1,2,....
k=0
Usually the complex number o is called Cesaro sum of the series (2.1). Every
convergent series is Cesaro-summable and, moreover, its Cesaro sum is equal to
its sum in the usual sence. In general, the converse is not true.

The formal identity
o0 o
(2.2) (1—2)77 Zunz” = Z(n + 1)opz",
n=0 n=0

as well as the expansion

oo
(2.3) (1-2)77=> (n+1)2", |2 <1,

n=0

provide a generalization of the Cesaro summability which is based on the fact that
the Cesaro means {0y}~ can be obtained by dividing the coefficients of the series
on the right-hand side of (2.2) by those of the series in (2.3).

We define the sequence {57(16)}%0:0, d € C\ Z, by the (formal) expansion

0 0
(1—z)"'0 Zunzn = Z&%é)z"
n=0 n=0

Then, having in view the series representation

e}
(EDEEDY (””) el <1,
n

n=0

we say that the series (2.1) is (C, d)-summable if there exists

5 —1
c® = lim aﬁ{” = lim <n+ ) 57(16),

n—00 1—00 n

and then we use the notation
[ee]
(Cv 5) Z Up = 0(6)
n=0

From the formal expansion

(0. ¢]
(1—2)" E upz" E Sp2"
n=0
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(C,6)-summability on the boundaries of convergence regions

it follows that (C,0)-summability is, in fact, the usual convergence and (C,1)-
summability is nothing but the Cesaro summability.

It is well-known that if the series (2.1) is (C,§)-summable for some ¢ > —1,
then it is (C,d)-summable for every 6 > § and, moreover,

(C, 5) Z up = (C,0) Z Up,

n=0

In particular, if a series is convergent with sum s, then it is (C,J)-summable for
every 0 > 0 and o =g

The proof of the validity of the combinatorial identity

(2.4) Xn:(kJ”;_l)_(”:é),n:0,1,2,...;

k=0

n—k+d—1
(2.5) o0 Z( e ) ZAgj g,

k=0

where

k+0\ T(k+d+1) _
2. A(a): = — 7, k=0,1,2,...
( 6) k ( k ) F(k+1) 756((:\ 9 07 )y <y 9

is left to the reader as easy exercises.

2.2 Now we are going to study the (C,d)-summability of series in Jacobi poly-
nomials on the boundaries of their regions of convergence. To this end we shall
use the notations introduced in the proof of the proposition (VIL.1.2). More pre-
cisely, if 29 = u(6y) = (rexpify + r texpify)/2,—m < 6y < 7, is a point on the
ellipse e(r), then we define the function

~ t
(2.7) B(t) = / 2(60+ 05) — B(60)| dB

(VIL.2.1) Let « + 1,6+ 1 and o + B + 2 be not equal to 0,—1,-2,..., and
let 1 < r < co. Suppose that for some point zy € e(r)

(2.8) o(t) = o(t), t| — 0,

and, moreover, that the integral in (1.9) exists as a Cauchy main value for z = z.

Then the series in Jacobi polynomials {P (2,0) ( )}, representing the function
[Chapter V, (1.1)] in the region E(r), is (C,d)-summable at the point z, for each
d > 0 with sum (1.9), where z = z.
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Boundary properties of series. . .

Proof. Suppose that 0 < § < 1 and let
0(5)(04 5.z)_ n+0 _1i n—k+6—-1 S(a’ﬂ(z)
n s M - n — n— k? k

be the corresponding Cesaro means of order §. From the asymptotic formula (1.3)
we obtain

()
20 s -5 B a4+ 1 (0 :2),
e(r)

o2mi z

for z € e(r), where

2100 &Peo= (") 3 ("R T o

k=0

N '~ (n—k+d—1\ (q
Pasa= (") X (T e

k=0

and

Moreover since limy, o0 7" (@,6) ( ) = 0 for each z € e(r), it is easy to prove that
limy,—o0 Rn (o, B;2) =0 for z € e(r).

Suppose that ng is a positive integer such that ny ' < d(r) =dist(e(r), [-1,1])
and define ey, (r) = e(r) \ e(z9,1/n), and
2me

@11) T (0 B 20) = o (0, B ) — <>—i./( )Mdg

for n > ng.
From (1.11) and (2.4) it follows that (n > ng)

_ (0
Ao i) = plen) = g [ EETOE 000~ gl R (0,5,

Having in mind (2.10), we find that

Q)
(212 T fm) =5 <zo>W{w<o — ()} de
en 0
1 1-—- K(é) (Zo, C) d R((S) .
to o1/ C— 2 {o(¢) = »(20)} d¢ + Ry (v, B85 20)

— P (20) + QY (20) + R (v, B; 20).
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(C,6)-summability on the boundaries of convergence regions

Suppose that zy = u(6p) # (r +r~')/2 and denote by z;,,7 = 1,2, the
endpoints of the arc e(zo,1/n). Then z;, = u(0;,),j = 1,2, and —7 < 015,
<Oy <Oy <m. If 20 =—(r+r"")/2, ie 6y =, then we choose 0 ,,,j = 1,2,
such that 0 < 0y, <7 <y < 2m. As it is easily seen, in both cases 6;, — 6y =
O(n~ ') when n — oo, j =1,2.

We suppose again that zq # (r + 7~ !)/2 but our considerations hold also for
2o = (r+ 7‘_1)/2 By means of the parametrization {( = u(t),—7 < t < 7, we

obtain that P ZP , Where

() b 5) () )
PO () = / D6, 1y dt,  PO)(z0) = / D (8o, 1) dt

—T 92771

and

(2.13) 47rp (00, t)

0)
K3y (u(0o), u(t)) , - y I .
= t) — (0 t— —1t —m <t<m.
U(t) _ U(eo) {‘P( ) 90( 0)}(T€Xp2 r eXp( v ))7 TX1lx>T
Assume that 0 < 6, < w. Then, setting t = 6 + 6y in the integral defining

7T—90
PT(S%(ZQ), we obtain that ng(zo) = / p§f)(90, 0+6,) df, where 0 < ty , < T—6y
ton

and toy = 6025, — 0y = O(n™ ') when n — oo. Then, having in mind (2.13), we can
assert that there exists a positive constant A such that

m—0, (5)u o), u 0 3 3
@1a) Pl < a [ Lt o 4 6 b6 do

2,n

Since 0 < & < 1, the power series expansion of the function (1 — w)*é in the
disk U(0;1) converges for each w # 1 with |w| = 1, and as a corollary of (2.10) we

obtain that if 0 < 6 < 7, then
n
—1
(k +o ) exp ik@‘
k
k=0

(0.e)
k -1
:'(1—expi9)_5— Z ( +2 >expik9’.
k=n+1
kE+0—1
k
Hence, for 0 < # < m we have the estimate

(k+6 )expzk@' <2(nii)|1—expi0|_l.

n

(2.15) (” N 5) KD (u(B0), (6 + 00))] =

(0.9]
Since 0 < § < 1, the sequence { ( ) } decreases and tends to zero.
k=0

(2.16) 'k
1
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Boundary properties of series. . .

Using (2.15) and (2.16), we obtain that (0 < 0 < 7)

n+4é
KO (o), w0+ 00) 1 L, (ni1)
sin(6/2) - (n + (5) in(6/2) (2sin(0/2))0  sin(6/2)

n

Further, from the above inequality, the inequality sin(0/2) > /7,0 < 6 < T,
as well as from the asymptotic formula

(n Z 5) - F(ln—i(g){l +0(m™Y}, n— oo,

it follows the existence of a constant B not depending on n and 6 such that
|K,(15)(u(90), w(® 4 6p))] < B 79079 for 0 < < 7, and when 7 is large enough.
Then (2.14) and (2.7) yield that

(0) -6 ™= ~ ~ —1-46
PO)(z0)| < ABn / 200+ 60) — 3(00)]0~"0 do
tan

7T—90 - ~
— ABn™° / 070 (9) do = ABn—5{<I>(7T — o) (mr — o)1 7O
tan

R m—0 _
—(ID(t;n)t;,}f‘s + AB(1+9) / ()97 de}.
ton

Using the above estimate along with the condition (2.8), we obtain that
limy,—o0 ng%(zo) = 0. In the same way we prove that lim, Pg{(zo) = 0 and,
hence, limy, Pr(fs)(zo) =0.

It is easily seen that there exists a constant C, not depending on é and n such
that

tan |1 — KO (u(8), u o)l - 5
ool < c [ R 50+ 00) (0] o,

|sin(6/2)|

lin

Since |sinkf| < k|sinf|, k =0,1,2,..., the equality (2.5) yields

11— K (u(8), uld +60)) \ZZZO ("N (1 — exp(—iko))
|sin(6/2)| a ("+%) | sin(6/2)]

R
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(C,6)-summability on the boundaries of convergence regions

2n " in—k+85-1
<=7 = .
(n-l—d)%( n—k ) an

n

Hence,

tan = .
09 ()| < QCn/ 12(0+ 60) — 9(00)| dO = 200 {B(ts.n) — B(f1.0)},

1,m

and then from (2.6) it follows that lim,—oe Q% (29) = 0.
So far we have proved that

lim {aﬁ{”(a,ﬁ; 20) — plz0) — o /enm M dg} B

n—00 21

Then, from the existence of the integral (1.10) as a Cauchy main value, we
have

lim 07(16)(04,5; 20) = L/ SO(C) dC+ ! ©(20)-
e(r)

n—00 271 ¢ — 2o

The validity of the last equality was proved under the assumption that 0 <
< 1 but a property of the (C,¢§) summation, mentioned above, gives that it holds
for every 6 > 1.

As an immediate corollary of (VII.2.1) we can state the following proposition:

(VIL.2.2) Suppose that a + 1,6 + 1 and o + [ + 2 are not equal to
0,—1,-2,...,1 <r < oo, and let f be a complex function which is continuous on
E(r) and holomorphic in E(r). If § > 0, then the series in the Jacobi polynomials
{Pfla’ﬂ)(z)}%ozo which represents f in the region E(r) is (C,¢)-summable at each
point zy € e(r) with (C,6)-sum f(zp).

2.3 For series in Laguerre, and respectively, Hermite, polynomials it is desirable
to have propositions like (VII.2.2) but, at present, we shall confine ourselves on
classes of functions having Cauchy type integral representations. The main reason
is that in order to obtain suitable asymptotic formulas for the corresponding Ce-
saros means, for the coefficients of the series expansions in the Laguerre or Hermite
polynomials of the functions under consideration we need integral representations
in terms of the corresponding associated functions.

As usually, we shall begin by proving an auxiliary proposition which plays the
role of the "key Lemma”. To this end, we define

(2.17) ZA((S kl exp(itvk+1), teR, deCc\zZ ,n=0,1,2,...,

where Ags), k=0,1,2,..., are given by the equalities (2.6).
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Boundary properties of series. . .

We need the asymptotics of W,(L(S) (t) when n tends to infinity and |t| is bounded.
The following assertion holds true:

(VIL.2.3) If 0 < § < 1 and q € (0,min(1/2,9)), then there exist func-
tions Ws}(q;t), j = 1,23, t € Ron = 0,1,2,..., such that W;jf(q;t) =
O(l),WT(;E(q; t) = O(nd~1472), WT(L(??Z(q;t) = O(n%/2|t|=9) uniformly with respect
to t on each set of the kind (—T,0) U (0,T) with T € Rt when n tends to infinity
and, moreover

3
(2.18) W) =S W (a:t), ter.
Jj=1

Proof. Define

[(n— 2+ 0)exp(ity/z + 1)
I'6)r(n—z+1) ’

(2.19) w (t;2) = =0,1,2,...

for t € R and z € C\ {(—o0,—1] U [n+ §,00)}. Then, having in mind (2.17), we
obtain

n
0 0
Wi (t) = wy) (£ k).
k=0

If {zj}‘;»:l C C, then we denote by [z, 29, 23, . . ., 25| the polygonal line joining
successively the points zq, 20, 23, .. ., 25.

We define a(z) = m(cot mz+1i) for z € C\ Z and Im z > 0, a(z) = 7(cot mz — 1)
when Im z < 0, and

1
(2.20) L (g:it) = — / wi (t; 2)a(2) dz,
271 J L (q,R)

where Ly(q,R) = [n+q—iR,n+q+iR,—q+ iR,q — iR,n + q — iR] provided
R > 0.

Remark. It is clear that the integral in (2.20) does not depend on R.
If Lni(¢,R) = [n+q,n+q+iR,—q+iR,—q] and Ly 2(q, R) = [-¢,—q—iR,n

—iR,n+ ¢l, then the residue theorem as well as the Cauchy integral theorem yield

2milly (g, 1)

= / w,(f) (t; z)m(cot mz + i) dz + / wg) (t; z)m(cot mz — i) dz
L’n,l(QvR) Ln,Q(Q7R)
= / wﬁf) (t; z)m cot mz dz +mi / w§{5> (t;2) dz—mi / wg) (t;2)dz
Ln(QaR) Ln,l((LR) Ln,2(QaR)
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(C,6)-summability on the boundaries of convergence regions

n
= 27?@'{2 wﬁf)(t; k) + /
k=0

—-q

n+q
wg) (t; ) dm}.

Hence, WT(L(S) (t) = L({S)(q; t) + Hgs)(q; t), where

ntq s
(2.21) HO(g:it) = — / w® (t: 2) dz.
—-q
6
Further, we have I,({S)(q; t) = ZK”J (6)(q, R;t), where
Jj=1

R, 0) ; —
8) . . wy,’ (L0 + g + iy) exp(—2my)
K yRit) = 2\ / _ —
na(q ) = iexp(2Ami) 0 exp(2qmi) exp(—2my) — 1

Y

Ry (t;m + q — iy) exp(—2my

Y

K(5) R:t) =1 —2qmi /
n2(¢; Ry t) = iexp(—2qmi) o 1 —exp(—2qmi)exp(—27y)

R, () ;
) , , wn_(t; —q + iy) exp(=2my)
n,3(Q7 ’ ) zexp( WZ)/{; exp(—2q7T’i) eXp(—QWy) -1 .

R, (0) ,
K t:—q — -9
7(746,4)1(Q7 R; t) = —1 6Xp(2q7rz)/ Wn ( y—q Zy) exp( 7ry) d
o 1 —exp(2gmi) exp(—2my)

b

Y

g )0 (t;x + iR) exp(2miz)
K(a) 1) = — -2 / n ’
n75(q, R;t) exp(—27R) —q exp(—27R) exp(2miz) — 1

dx.

Ay ©) ; '
@) A wy, (@ — iR) exp(—2mix)
K R;t) = —2mR
n6(¢ fist) = exp(—2m )/_q 1 — exp(—27R) exp(—2mix)

If 0, g and n are fixed, then the asymptotic formula [H. BATEMAN, A. ERDELYT,
1, 1.18, (6)] we obtain [['(n—z+6+iR)/T(n—xz+iR)| = O(R%~!) uniformly with
respect to € (—¢,n+¢q) when R — oo. Then from (2.19) we get |w§{5)(t; r+iR)| =
O(R ' exp(|t|y/R+n + ¢ + 1)) uniformly with respect to & € (—¢,n + q) when

t € Ris fixed and R — oco. Hence, limp_, Kg%(q, R;t) =limp_, ng%(q, R;t) =

0 for t € R. Thus, we obtain the representation I,(fs)(q; t) = 231-:1 IT(L(S;- (g;t), where

5 .
1(5) (q;t) = i exp(2qmi) /OO w7(1 )(t; n+ q + iy) exp(—27my)
1 ) —
0

exp(2qmi) exp(—2my) — 1

Y

00, (0) '
) . [ wy (80 + g — iy) exp(—2my)
. t prm— _2 d
n,2(q:t) = iexp( qm)/o exp(2qmi) exp(—2my) — 1 g

00 (&) ) 9
17(15%(%15) — — eXp(—Qqﬂi)/ wy,” (15 q'—l- iy) exp(—27y) .
, o exp(—2qmi)exp(—2my) — 1
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Boundary properties of series. . .

oo, (0) .

t;—q — )

I (q:t) = —iexp(2m')/ wn_(t —q — iy) exp(—2my) i
; o 1 —exp(2qmi)exp(—2my)

Since [I'(6—q+iy)/T'(1—qxiy)| = O(1), | exp(£2qmi) exp(—27y)—1| > sin(2gn)
and |Im(n + g +iy)/?| < y/2 when n =0,1,2,... and 0 < y < 0o, we have that
|w (t; nj:qj:iy)| = O(exp(Ty"/?)) when [t| < T,0 <y < 0o, and n =0,1,2....
Hence, I( )(q, = fo exp(—2my + Tyl/z) dy) = O(1),j = 1,2, uniformly with
respect totE (=T7,T)and n=0,1,2....

The asymptotic formula [H. BATEMAN, A. ERDELYI, 1, 1.18,(4)] yields

ID(n— g+ 38 £iy)/T(n —q+1+iy)| = O((n* + 1)/ = 0(n")

uniformly with respect to y € (0,00) when n tends to infinity. Hence,

(0]
19 (g51) = O(n’~" / exp(—2my + Ty'/2) dy) = O(n™) = 0(1),j = 3,4,

uniformly with respect to t € (=7, 7T) for n — oc.

If we integrate w% )(t z) as a function of the complex variable z along each of
the closed polygons [—¢,n 4+ ¢,n+q+ iR, —q+ iR, —q| and [—q,—q — iR,n+ ¢

—iR,n + q, —q], then the Cauchy integral theorem yields

ntqg R 5
(2.22) / wﬁl)(t;x) da:—i—i/ w%)(t;n+q—|—iy)

R 5 n+q 5
—i/ w%)(t;—q%—iy)dy—/ wﬁl)(t;x%—iR)dx:O
0 —q

and

ntq R 5
(2.23) —/ w )(t; x)dx — z/ w! )(t; —q —iy) dy
0

—q
R n+q
+i/0 wg)(t;n—l-q—iy) dy—l—/ wg)(t;x—iR) dr = 0.
—q

Suppose that n is fixed. Then, since signIm{(z + 1 + iR)/2} = +1, ng‘” (t;x
+iR)| = OB if t > 0 and [w¥(t;z — iR)| = O(RO~1) if ¢t < 0 uniformly with
respect to € (—q,n + q). Therefore, limp_, fn+q ;{S)(t; r+iR)dr=0ift >0
and limp_, o fn+q w (t z—iR))dz =0if t <O0.

If h(y) = 27Y2((1 + y»)Y2 — 1)4/2,0 < y < oo, then, by an easy com-
putation, we get h(y) > (1/2)y'/2 for y > 4/3. Moreover, it is clear that
m = inf,, /3y~ 'h(y) > 0 and, hence, h(y) > my for 0 <y < 4/3.
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(C,6)-summability on the boundaries of convergence regions

Further, we define

4/3 5
“ilt=q) [ el (g i - gu)dy for t> 0
0

5
Fy)(g;t) = 4/3
1 _ ) (. _ i1
il—q) | wn'(t—q—i(l—qy)dy fort<O0
0
and
RNE)
“ilt=g) [ wll(t-q+il-g)dy fort> 0
) 4/3
Fia(a;t) = o 5
-0 [ wlt-g-it -y fort<o
4/3
as well as
4/3 5
z‘(n+q+1)/ w4+ qg+in+q+1)y)dy  fort > 0;
n,l(Q7 ) 4/3
—z’(n+q+1)/ wf{s)(t;n—kq—i(n—kq—kl)y)dy for t <0
0
and
i(n+q+1)// (5)(tn+q+2(n+q+l)y)dy for t > 0;
) 3
Gia(a:t) = oo
—i(n+q+1)// w (t;n+q—i(n+q+1)y)dy fort<D0.
4/3

Then, from (2.21), (2.22) and (2.23), we obtain that

1) 1)
Hﬁb)(q;t): g q, —f—g G() (g;t),0 < |t] < o0.
]—Z

Since Im{(1 + iy)/?} = +p(y) for y > 0,
(0) 51 [° 5
Ffast) = 00 [ exp(-li1 - ) d ) = 0(2) = o)
0
uniformly with respect to t € R, and

O OOeX _ o N1/2,1)2
FO)(g;1) o( /4/3 p(—(1/2)[t](1 - )2 >dy)

=0 (715_175_2 /OO exp(—yl/Q) dy> = O(né_lt_Q)
0

uniformly with respect to ¢t € R* := R\ {0} when n — oc.
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Boundary properties of series. . .

Since supPy<y<oo Y OD(6 — g + i) /T(1 — g % iy)| < oo, we have

06— g£i(n+q+1)y)/T(1 — qEiy)| = O(n’ 'y’

uniformly with respect to y € (0,00). Therefore,

)

5) s (Y7 s,
Gpa(g;t) =0 n/ Y exp(—|t|(n + ¢+ 1)my) dy
0

= 0(n5/2\t\_5 /OO exp(—my) dy) = 0(n’2|t|~?)
0
and

a0 (q: 1) = o(rﬁ / ~ exp(—(1/2>|t|<n+q+1)1/2y1/2>dy)

/3

= O(né_lt_2 /OO exp(—yl/z) dy) = O(né_lt_Q)
0

uniformly with respect to ¢t € R* when n tends to infinity.

We define )
§ é 1)
W7(7, i(q, t) = ZITL,;' (¢:t) + Fn,%((b t),
Jj=1
1) 1)
Wita(g:t) = Fya(g;t) + G%,é(q,w
and W,g?%(q, t) = G%{)l(q; t). Then Wn ZW ¢;t) and, moreover,

) ) — 5 — .
Wid(g:t) = O(1). Wi (g:t) = O(n’~'t"2) and Wé,??(q, 1) = 02|t %) uni-
formly with respect to ¢t € (=7,0) U (0,T) for n — oo.

(VII.2.4) Suppose that 0 < A < co,a« € R\Z™, 0 > 0 and let F' be a locally L-

integrable complex-valued function on the parabola p(\). Suppose that F' satisfies
the following condition:

(2.24) /pm ¢V | F(¢)]ds < 0o, v(a) =1/2 + max(—1,a/2 —5/4).

If F is continuous at the point zy € p(\) and the integral in (1.28) exists in
Cauchy sence for z = 2y, then the series in the Laguerre polynomials {L%a)(z)}?f:o
representing the function [Chapter V, (3.28)] in the region A(\) is (C, §)-summable
at the point zy, with sum (1.28), where z = 2.

Proof. Define

n

(2.25), o (aiz0) = (AP) TS ACTIS O (), 20 € p(A), n=0,1,2...,
k=0
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(C,6)-summability on the boundaries of convergence regions

ie. {ag)(a;zo)}%o:o are the (C,0)-means at the point z; for the series in the
Laguerre polynomials {L%a)(z)}%io which represents the function [V, (3.28)] in
the region A()\)

Since ZA((S Y n , from (1.12) and (2.25) we obtain that

271 ¢ — 2o

where LY (20, ¢) = (AV) L7, A~} By (2, €), and

1 1— L9 (2,
oD (s 20) = —— / A L= Lo o) piey de + 2809 (z),
P(A)

n
(2.26) Z0 = (AN Y AT Y ) n=0,1,2,....
k=0

Since limj,— 7”7(10‘)(20) = 0, from the regularity of the (C,¢)-summation for
d > 0 and from (2.26) it follows that lim,—so fo’a)(zo) = 0.
Suppose that F(zp) = 0 and define

O ey — L ()
o (0320) = 9 /p(A o C 0

where yn(20) = {¢ € p(A) 1 [€ — 20| < (n+1)"Y2}, n=0,1,2,....
It is evident that if p > max(1,2\?, |2|), then there exists a positive integer n
such that v,(z0) C v(A, p) for n > ng. Then, Rgs)(a; 20) = 7(15)(7:0) + Tgfip)(zo)

+T0P) (20) + Z8 (20), where

(9)
(5)(20) 1./ ( )MF(C)CZC, n > no,
Tn(Zo

2mi ¢ — 2
(9)
) 1 Ly (2o,
Tr(z,ip)(zo) =5 MF(C) d¢, n > ng
TSy \vn(z) G~ 20
and
1 L(5)
e T = | In 09 peyacn=01,2,. ..
’ 211 Jpon\yap) G %0

Since Ren(zo,() = 0 for ¢ € p(A), |En(20,¢)| =1 for ¢ € p(A),n=0,1,2,....
Hence, ]Lg)(zo,g)\ <1for¢ep(A) andn=0,1,2,....
If M(X, p) == sup{|C(¢ — 20) '] : ¢ € p(A) \ ¥(A, p)}, then (2.27) gives that

) _ _
TOP) ()] < (27) 1M (A, p) / I E Q) ds, n=0,1,2,
PN \Y(\,p)
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Boundary properties of series. . .

Since lim, o0 M (A, p) = 0, from the last inequality it follows that if ¢ > 0 is
fixed, then p < max(1,2)\?,|zg|) can be chosen in such a way that |T,%p)(zg)\ <e
forn=0,1,2,....

Now, we parametrize the parabola p(A) by means of the equality n(zo, () = —it,
ie. (= C(t) = 20—2i(—2)/2+1%, —00 < t < 00. Let ¢; = ((—t;) and ¢ = ((t2) be
the initial and endpoint of the arc y(A, p), respectively. Denote by (p1 = ((—tn 1)
the initial point and by (2 = ((tn2) the end point of the arc v;,(zy) provided
n > ng. It is clear that 0 < ¢, ; <t;,7 = 1,2. Moreover, it is easy to prove that
there exists

(2.28) lim (n+ 1)"/2t, ;= 0,00, j =1,2.

n—oo

If w(zo;t) = (t — 2i(—20)/2)LF(C(£))((t) for —t; < t < ts, then

tn,1 2
J, 1) -
Ty (20) = 2m( / /t )Lﬁa%,c(t))t w(z03t) dt.
n,2

Since L) (z0, C(t)) = (AD) WD (=2t),n = 0,1,2, ..., we have

3 —tn,1
(220)  —2miADTCP () = Y / Wi (45 —20) " w(z0:1) dt

3 ty
1) — 1) 1)
30 [ W =200 el 0t = PN 0) + PN ),
Y __ o n,2

where
P (q: 20) = Z/ W (s 2 ) w(z0; —1) dt
and
%) S I
P 20) =Y | Wo(as =20t (et d.
jzl n,2

provided 0 < ¢ <min(1/2,9).
If &t fo |w(20; —7)| d7,0 < t < t1, then from (2.18) we obtain

(2.30) bl q,zor<2 / W) 20 s O e

t
= O( {7+ 003 2 0w (23 1) dt)
tna
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(C,6)-summability on the boundaries of convergence regions

t
— O( (T 4+ n0 3 4 n5/2t—1—5}d<1>(t))

tn,1
for n — oo.

Since the function w(zp; —t) is continuous at the point ¢ = 0 and, moreover,
w(z0;0) = 0, it follows that ®(t) = o(t) when ¢ tends to zero. Hence, if € > 0 is
fixed, then there exists 8 = 6(e) € (0,t1) such that ®(t) < et when 0 <t < 6.

If u is real, then (2.28) yields

tl 0 tl
/ tTHAD(t) =t MO(t) —t, [ P(tna) + u/ t ML D(t) dt + u/ tH (L) dt
tn, ’ tn,i 0

0
=0(1)+0 <£/ tH dt> +o(ty )
tn

as 1 — OQ.

In particular,

/:1 t~1d®(t) = O(1) + O(elog(n + 1)),

/tt1 t73d®(t) = O(1) + O(en) + o(n)

and

/ " s dd(t) = O(1) + O(en%?) + o(n’/?).
tnl

Then from (2.30) we obtain Pgip)(q; 2) = O(1) + 0(en%2) + o(n®/?). In the
t
same way, but using the function ¥(t) = / lw(z0;7)| d1,0 < t < ty, we find that

0
Pif (g 20) = 0(1)+0(en”) +o(n). Since A} = (T(3+1)) "'’ (1+0(1)),n — oc,
from (2.29) we obtain T(6 p)( 2p) = O(e) when n is large enough.

Further, the inequality

711 — L (20:C(1))] < (A~ ZA“ DIt (1 — exp(—2itvE + 1))
holds for ¢ # 0 and, hence,
tn,2
U ()| < 774 (n +1)Y/? / w(z0, )] dt = O((n + 1)2(®(tn,1) + U (tn.2)))
—tn,1

= o((n + 1)"*(tn1 + tns)) = o(1),
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when n tends to infinity.
So far the validity of the assertion we are to prove is established when F'(z)

= 0. In the general case, we use the function H(¢) = F(¢) — F(z0) exp(zy — ().
It is clear that it satisfies the same conditions as the function F' and, moreover,
H(zp) = 0. Therefore, if § > 0, then the series in the Laguerre polynomials
{L,(fla)(z)}ﬁo, a € R\ Z~, which represents the function

L[ Qg e,
MO = g7 | FmdG mecy

in the region A()), is (C,d)-summable at the point zo with (C,§)-sum

L[ HQ L[ FQ . 1
h(z0) /M ¢ /p 4~ 5P (z0).

- 2mi C—2zp °  2mi ) €= 20

Remark. It is easy to prove that for zy € p(\) we have

1 exp(20 — ¢) 1
i S0 TS g =
/pw ©73

21 Q — 20
in the Cauchy sence.

Since the entire function exp(zg — z) is in the space L(o0) for zg € C, as a
corollary of (V.3.7) we can assert that it is representable in the whole complex
plane as a convergent series in the Laguerre polynomials with a real parameter
at—1,-2,-3,....

We have f(z) = h(z) + F(z)exp(zo — z) for z € A(X). Since the (C,J)-
summation is regular for 6 > 0, the series in the Laguerre polynomials {L%a) (2)}5°,
representing the function f in the region A(A) is (C,d)-summable at the point z,
with (C, d)-sum

F(z0) = h(z0) + F(z) = % /p N % dc + %F(zo).

As a corollary of (VII.2.4) we obtain the following proposition of Fejer type:
(VIL.2.5) Suppose that 0 < A\ < oo, € R\ Z™, and letf be a complex-valued

function which is continuous on A()) and holomorphic in A(\). Suppose that
|f(2)| = O(|z|*) for some p < 1/2 when z — oo in A(X) and

| KPRl ds < 00, vla) = 1/2-+ max(~1,a/2 - 5/4),
p(A)

If § > 0, then the series in the Laguerre polynomials {L%O‘)(z)}%ozo representing
the function f in the region A(\) is (C, §)-summable at every point zy € p(\) with
(C,0)-sum f(z0).
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Fatou type theorems

Proof. Under the assumptions about the growth of the function f as z — oo
in A()\) it is easy to prove that

_
10 =g [ o5

for z € A(X). Moreover, for zg € p())

1 fQ 1
i oy € — 20 = §f(20)-

in Cauchy sence.

3. Fatou type theorems

3.1 Let
o0
(3.1) Z ez
n=0

be a power series with non zero and finite radius of convergence r. Denote by ¢ its
sum in the disk U(0;7). A point zo € C(0;r) is called regular for the function ¢ if
there exist a neighbourhood U(zy; p) and a function @,, € H(U(20;p)) such that
©2,(2) = p(z) for z € U(0;7)NU(20; p). From this definition it follows that the set
of the regular points of the series (3.1) such that 0 < r = (limsup,,_, |en]/™) ™

< oo is an open subset of the circle C'(0;7) with respect to the relative topology
on C'(0;7), i.e. the topology induced by that of C.

o
The power series Zzn is divergent at each point of the circle C'(0; 1) regardless

n=0
of the fact that all the points of this circle, except z = 1, are regular for its sum.

o0

The series Zn_an is (absolutely) convergent at each point of the circle C(0;1)
n=1

but nevertheless one of them, namely z = 1, is a singular (i.e. not regular) point

for its sum. In other words, in general, there is no relation between the convergence
(divergence) of a power series at points on the boundary of its disk of convergence
and the regularity (singularity) of its sum at such points. But under additional
conditions on the sequence {cp}92, such a relation do exists. More precisely, the
following proposition holds:

(VIL3.1) If 0 < r = (limsup,,_, |ca|"/") ! < 0o and limy, o0 cpr™ = 0, then
the series (3.1) is uniformly convergent on each closed arc v C C(0;r) provided
that all points of vy are regular for its sum.

Let us point out that under the hypothesis of the above assertion there exist a
region D D « and a function € H(D) such that @(z) = ¢(z) for z € DNU(0;7).
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Boundary properties of series. . .

It means that the function ¢ is an analytical continuation of the function ¢ outside
the disk U(0;r). Moreover, as it not difficult to see, the series (3.1) converges on
that (open) arc 4 C C(0;r) which contains v and is included in the region D.
Then Abel’s theorem, i.e. the proposition (IV.4.11) yields that the sum of the
series (3.1) is ¢(z) for each z € 4. Therefore, we may assume that the power series
(3.1) represents the function ¢ even on the arc 7.

3.2 Propositions like (VII.3.1) hold also for series in the Laguerre and Hermite
systems.

(VIL.3.2) Suppose that o € R\ Z~ and let {ay,}7°, be a sequence of complex
numbers such that

(3.2) 0 < —limsup(2v/n) ' log |an| = Ao < 00
n—oo

and

(3.3) nlgr&j n®/2+1/4 exp(2X\g)an = 0.

If every point of a finite and closed arc v C p(X\) is regular for the sum of the
series [IV, (2.1)], then this series is uniformly convergent on ~y.

Proof. Denote by f the sum of the series [IV, (2.1)] and define the function P
in the region T'(\g) = {¢ € C: |Re(] < Ao} by the equality P({) = f(—(?). There
exists a segment [\g + iby, A\g + iba], by < by, every point of which is regular for the
function P. Suppose that § > 0 and denote (; = Ao+ (b1 — )i, o = Ao+ (ba + 0)i.
Let R(J;(1,(2) be the rectangle with vertices at the points ¢; £6,(; £ 6. If § is
small enough, then there exists a simply connected region G containing the strip
T'(Xo) as well as the rectangle R(J; (1, (2) together with its interior and such that
the function P is holomorphic in G. More precisely, it means that P has a single
valued analytical continuation in G.

Define

k
Py(¢) = P(¢) = Y anLi’ (—¢?),
wi(€) = (€ = G)(C = &) Pr(¢) exp{—2(C — Ao)VEk + 1}
forze G, k=0,1,2,..., and

(3.4) ap = kM Y exp(2A0VE)ag, k=1,2,3. ...

(a 2 oo, .
n
In order to prove that the sequence { E apLy ' (—C )}k is uniformly conver-
=0

gent on the segment [Ag + iby, A\g + ibs], 1t is sufﬁc'lently to show that the sequence
{wi(¢)}72, tends uniformly to zero on the rectangle R(J;(y,(2). Observe that if
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Fatou type theorems

e > 0, then, due to the assumption (3.4), there exists a positive integer vy = 1y(e)

such that |ay| < € when k > 1. We have to consider the following cases:
o0

(a) ¢ € [¢1 —d,( —¢]. In this case P(() = ZanL%a)(—CQ) and the asymptotic

n=0

formula [III (2.3)] as well as (3.4) yield that for k£ > 1,

wr(Q) = O(exp(25\/k: +1) Z |ozn|n_1/2 exp(—25\/ﬁ))

n=k+1

O((26Vk + 1) Z n~Y2 exp(—26+/n)

n=k+1
= O(eexp(20VEk + 1)) /oo /2 exp(—20V/t) dt
k

= O(eexp(20Vk + 1)) exp(—20VEk) = O(e).
(b) C S [Cl - 5, Cl) i.e. <:§+Z771, where mh = ImQ and )\0 -0 < 5 < )\0. In

this case we have

k(€)= (cexp (200 VAT THN - S Ve expl -2 — )

n=k+1

= 0(5 exp{2(Ao — ) VE + 1} (Ao — €) /koo "2 exp{—2( — )V} dt)

= O(eexp{26(Vk + 1 = VE)}) = O(e), k> .
(c) C€ (1,6 +0)ie. (=&+in and \g < & < Ao+ 6. Then,

wp(O)] < exp{-2(6 — A)WVETTHE - A)IC — <2|{\P<<> ~ao

Vo k
F 1l Y a1}
n=1

n=ro+1
= O(exp{—2(£ — M) VE + 1} — No))
k
+0 (5 exp{=2(£ = Ao) VE + 1}(§ = Ao) Z n~Y2exp{2(€ — )\0)\/5})-

Before going on, we need the following auxiliary proposition:

(VIL.3.3) Suppose that a(t),0 < t < oo, is a real and positive function sat-
isfying one of the following conditions: (i) a(t) decreases in (0,00); (ii) a(t)
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Boundary properties of series. . .

increases in (0,00); (iii) there exists 7 € (0,00) such that a(t) decreases in (0, 7]
and increases in [1,00). Then

k k
> a(n) +a(k:)+/ a(t)dt, k=1,2,3,....
1

The proof is rather elementary and we leave it is as an exercise to the reader.
From (VII.3.3) we obtain easily that

Z n /2 exp{2(€ — Ao)v/n} < Const(8)(€ — Ao) " exp{2(€ — o)V}

n= I/0+1

provided 0 < & — A\p < 6 and k > 1y + 1. Hence, in our case
wi(C) = O(exp{=2(§ = Ao)Vk + 1}& — o))

It is easy to prove that the sequence {exp{—2({ — Ao)}v'k + 1}7°, tends uni-
formly to zero when A < & < \g+4. Indeed, if 0 < e < d and \g < & < A+¢, then
exp{—2(§ = M)VE+1}(E—No) <&, k=1,2,3....

If A\ e <€ < Ao+, then exp{—2(§ — A\o)VE + 1}(E—Xo) < Jexp(—2evEk + 1)
and, hence, exp{—2(£ — M\o)Vk + 1}(€£ — Xg) < dexp(—d/e) <d(1+6/e) ! <e.

(d)¢efi+6,G+dlie. (=X+0+inand by —§ <n < by+ . In this case
we obtain

wp(O)] < exp(—20VETDI(C - <1><c—<2>r{|P<<>—ao|

V k
DI UCSED SR
n=1

n:V0+1

O{exp( 20VEk+1) +eexp(—20vEk+1 Z n- exp(25\/_)}

n=vp+1

O(exp(=26Vk + 1)) 4+ O(e)

uniformly with respect to (.

In the same way we conclude that the sequence {wy(¢)}72, tends uniformly
to zero on the segments [(» — 0,(2) and ((a, (2 + 6]. Since wi(¢1) = wi(¢2) =0
for k = 1,2,3..., it follows that lim;_,,, wi(¢) = 0 uniformly on the rectangle
R(9; (1, C2), Thus, the assertion is proved.

Examples:

(a) Suppose that the function F' satisfies the assumption of (V.3.10) and,
moreover, that F(t) = O(\t|5) for some § > 0 when ¢ tends to infinity. Suppose,
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Fatou type theorems

in addition, that F" has a locally L-integrable derivative in the interval (—oo, — A
and

—Xo
/ 1|24 F (4| dit < oc.
—00

Then using the relation (M(O“;l)(z))/ = nMZ(z), n =1,2,3,..., [Chapter I,

n—

Exercise. 25] and [Chapter V, (3.20)], we find that

ap = (27”.13)—1{ng(_Ag)F(—AS) N /_A

—0o0

0
MOt () F'(t) dt}, n=1,23....

Further, the asymptotic formula [Chapter III, (3.1)], the inequality [Chapter
I11,(5.1)], and Stirling’s formula yield that n®/2+1/% exp(2Xgy/n)an = O(n~1/2),

n — oo. Hence, the series in the Laguerre polynomials {Lq(la)(z)}%io which repre-
sents the function [V, (3.19)] in the region A()\g) is uniformly convergent on each
finite and closed arc of the parabola p()\g) not containing the point —A32.

(b) Suppose that 0 < Ay < 0o, > —1, and let k be a positive integer. Since
the function (z + A2)~%~1 is in the space £()\o), from (V.3.7) it follows that for
z € A()\g) it has a representation by a series in the Laguerre polynomials with
parameter «. Moreover, (IV.5.3) and [I, (3.1)] yield

1 oo
T If

B Fn+k+1) 00 N+ exp(—t)
S Tk+1DI(n+a+1) /0 (t + A2)nth+1
F(n +k+ 1) a—k 2
= T T+ h ¥ 1)M7§L+k N(=A2), n=0,1,2....

Further, from the asymptotic formulas [Chapter III, (2.3)], [Chapter III,
(3.1)] as well as from Stirling’s formula one can obtain that \anL%a)(z)] =
A(k,a,)\o)nk/2_1/4{1 + l%a)(z)}, n = 1,2,3..., where A(k,a,)\) # 0 and
l%a)(z) = o(1) when n tends to infinity provided that z € p()\g) and z # —\2.
Therefore, the series in Laguerre polynomials with parameter «, representing the
function (z+ o) "*~! in the region A(),), diverges at each point z € p(Ag) \ {=A2}
although each such point is regular for its sum. Observe that our second exam-
ple does not contradict to (VII.3.2) since in this case the condition (3.3) is not
satisfied.

an 1@ exp(—t) LM () (t + A2)"F L at

(VIL.3.4) Suppose that 0 < pg < oo and o € R\ Z~. If

lim n®/2t/4 exp(—2pov/n)by = 0,

n—oo

then the series [IV, (2.5)] is uniformly convergent on every finite and closed arc of
the parabola p(pg) consisting of points which are regular for its sum.
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The above proposition can be proved by the same techniques which were used
in the proof of (VII.3.2). That is why we shall only illustrate it by a suitable
example.

Suppose that F is a differentiable function on the ray [—u3, co) and let F satisfy
the conditions of the proposition (V.4.3). Suppose that F’ is locally L-integrable
and, moreover, that F’(t) = O(t7 exp(—t/2)) for some v < a/2 — 1 when ¢ tends
to infinity. Then by means of [IV, (5.8)] we obtain the following representations
for the coefficients [V, (4.10)]

o0
b = rit) L o F i)+ [

L V@) F(t )dt}, n=01,2....
Mo

Further, from Stirling’s formula, the asymptotic formulas [Chapter III, (2.4)],
[Chapter 111, (4.1)] as well as from the estimate (w > 1)

max  |Li™M ()] = O(na/2_1/4 exp(2uoyv/n)), n — oo,
te[_M(QMW]

which was used in the proof of (V.4.3), we obtain
n®/2H1/4 exp(—2pov/n)by = O(n_l/Q), n — oo.

Hence, the series expansion in the region A*(1) of the function [V, (4.9)] in the
Laguerre associated functions with parameter « is uniformly convergent on each
finite and closed arc of the parabola p(pg) not containing the point —pu3.

Fatou type propositions hold also for series in the Hermite systems. They can

be proved in the same way as those for the Laguerre systems. That is why we only
state them below without proofs:

(VIL3.4) If 0 < 7y < oo and limy, 00 n'/2(2n/€)™2 exp(rov/2n + 1)an = 0,
then the series [IV, (3.1)] is uniformly convergent on each segment o C 95(7y)
consisting of points which are regular for its sum.

(VIL3.5) If 0 < 7y < oo and limy,_,0 n'/2(2n/€)"/2 exp(—Tov/2n + 1)by, = 0,
then each of the the series [IV, (3.2)] is uniformly convergent on every segment
o C 05*(my) consisting of regular points for its sum.

Remark. Notice that, in general, the last two propositions are not corol-
laries of (VII.3.2) and (VIL.3.3) via the relations between the Laguerre and
Hermite systems. Indeed, if zy € 0S(7y) is a regular point for the function

o0
f(z) = anHp(z), then it does not need to be a regular point for the func-
n=0
o0
tions g(z) = Z onHop(2) and h(z ZaanHQnH(z). Here is an example

n=0
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(7'0 = 1,20 = Z)
1 1 12

:l—iz:1+z2+1+22.

f(2)

Exercises

1. State an prove a proposition like (VII.1.4) for series representations by
means of Jacobi associated functions.

2. Suppose that 0 < Ay < oo, > —1 and let f(z) be a complex-valued
function which is continuous for Rez >> —\2 and holomorphic for Rez > —\3
and such that:

(a) lim = 0;
Re 2>—A2,z2—00

(b) /_O:O |F(=X2 +i7)| dr < .

Prove that f for z € A()\g) is representable by a series in the Laguerre poly-
nomials {L{(2)}22, and, moreover, that this series converges to f(zo) at every

point zy € p(Ag) \ {—Xo}-
If in addition

(©) /p O s < o0

and )
(@) / T (X +i7) — F(—Aa)}|dr < o0, p >0,
—pP

then the series, just mentioned, converges at the point —A3 with sum f(—\3).

3. State and prove a proposition like (VII.1.8) for series representations by
means of Laguerre associated functions.

4. State and prove a proposition like (VIL.1.8) for series representations by
means of Hermite polynomials.

5. State and prove a proposition like (V.1.8) for series representations by
means of Hermite associated functions.

6. State and prove a proposition like (VII.2.2) for series representations by
means of Jacobi associated functions.

7. Suppose that 0 < Ay < oo,a > —1 and let the complex-valued function
f satisfy the conditions (a), (b) and (c) of Exercise 2. Then the series in the
Laguerre polynomials {L%a) (2)}52, which represents f in the region A(Xg) is (C, 1)-
summable at the point —\2 with (C,1)-sum f(—M\3).

8. Replace the (C,1)-summation in Exercise 7 by (C, d)-summation provided
0> 0.

9. State and prove a proposition like (VII.1.8) for series representations by
means of Hermite polynomials.
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10. State and prove a proposition like (VIL.1.8) for series representations by
means of Hermite associated functions.

11. State and prove theorems of Fatou type for series in:
(a) Laguerre associated functions;
(b) Hermite polynomials;

(c) Hermite associated functions.

Comments and references

The proposition (VII.1.2) is due to G. BOYCHEV [1,2]. Its "local” version, i.e
when the closed arc &(r) reduces to a point, is proved by P. RUSEV [7].

At the end of the paper [I. BAICEV, 2] it is pointed out that Cesaro summability
of series in Jacobi polynomials can be established by the same techniques which
is applied in the paper just mentioned to series in generalized Bessel polynomials.

For convergence and Cesaro summability of Laguerre series on the boundaries
of their regions of convergence we refer to [P. RUSEv, 27,28] and [G. BOYCHEV
and P. RUsEv, 1].

The proof of the (C,d)-statement (VIIL.1.2) is given in [G. BOYCHEV, 2] and
(VIIL.1.3) is announced in [G. BOYCHEV, 3].

Let the complex-valued function ¢ satisfy a Holder condition with an expo-
nent v € (0,1] on the whole ellipse e(r),1 < r < oo. Then, as it is proved by
G. BoycHEV [9], for the partial sums {57(1@,6 )(z)}%ozo of the series in the Jacobi

polynomials {Pﬁa’ﬂ ) (2)}52, which represents the function [Chapter V, (1.1)] in the
region E(r) we have that

(%) S50 (2) = @(2) = O(n " logn)

uniformly with respect to z € e(r) when n tends to infinity.

Moreover, if v > 1/2, then the series just mentioned is absolutely convergent
on e(r) and uniformly (C,d)-summable for each § > —v [G. BOYCHEV, 6].

Suppose that the complex-valued function f is continuous on the closed region
E(r), and holomorphic in E(r), and that it satisfies a Hoélder condition with an
exponent v € (0,1] on the ellipse e(r). Denote by {Sﬁa’ﬁ)(f;z)}%io the partial
sums of the series in Jacobi polynomials with parameters o and (3 representing the
function f in E(r). Then as a corollary of (x) we have

() Séa’ﬂ)(f; z) — f(z) =0(n Tlogn), n — oo

uniformly on e(r) and, hence, on E(r).

Moreover, the series just mentioned is absolutely convergent on e(r) provided
that v > 1/2 and uniformly (C,d)-summable on e(r) for § > —~.
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Notice that () generalizes a particular case of a proposition about the rate of
convergence of expansions of holomorphic functions in series of Chebyshev poly-
nomials [P.K. SUETIN, 1, p.95, (11)].

In [L. BoyaDJIEV, 10] it is proved that if 1/2 < § < 1 and the series [Chapter
IV, (3.1)] is (C,0)-summable at a point wy with Imwy > 0, then it is uniformly
(C, 6)-summable on each set of the kind S(wp,n, ¢). This assertion can be consid-
ered as a (C, J)-version of the corresponding theorem of Abel’s type (IV.4.5).

Let {A\n}52, be the sequence defined in (ITI.2.1) and let
cn(2) = Apcos{(2n + 1)1/2z —nm/2}, n=0,1,2,....

As it is proved by E. HILLE [2, Theorem 2.4], the series [Chapter IV, (3.1)]
converges at a point zy € C\R if an only if the series Y ~°  ¢p(2) converges at this
point. This is nothing but an equiconvergence of a series in Hermite polynomials
and the corresponding Fourier series.

Equiconvergence or even (C,d)-equisummability in the sence of E. HILLE is
established by L. BOYADJIEV [1,9,10] for series in Laguerre’s polynomials. Similar
results are given by G. BoycHEV [10].

For the series (2.1) it is said that it is B-summable with sum s if there exists

oo

lim exp(~1) 3 2L
im exp(— =5
t—00 P o n! ’
n
where s, = Zuy, n=20,1,2,.... If
v=0
00 o0 n
Unt
/ exp(—t) (Z Z' ) dt = s,
0 n=0 ’

then the series (2.1) is called B’-summable

Remark. The above methods of summation are known as Borel’s methods
[G.H. HARrDY, 1].

Suppose that zj is a point on the ellipse e(r),1 < r < co and that the estimate
®(t) = O(t(—log [t|)~!) holds for the function (2.7) when ¢ tends to zero. Then
the series in Jacobi polynomials which represents the function [Chapter V, (1.1)]
in the region E(r) is B-summable at the point 2z, with sum [Chapter V, (1.10)],
where z = 2y [G. BOYCHEV, 7].

It is well-known that if the power series (3.1) has finite and non-zero radius of
convergence r, then it is B’-summable at each point zy € C(0;7) which is regular
for its sum. A proposition like the last one is proved by G.BOYCHEV [8] for series
in the ultraspherical polynomials.

229



Boundary properties of series. . .

It seems that the classical Fatou theorem (VII.3.1) holds for series in more
general (denumerable) systems of holomorphic functions. E.g. in [I. BAICEV, 3]
its validity is proved for series in the generalized Bessel polynomials.

A theorem of Fatou type holds also for series in Jacobi polynomials. Moreover,
as it is proved in [G.BoycHEV, 11], if 1 < (limsup,_, |an|Y™) ! = r < 0o and
anr™ = o(n®) for some § > —1/2, then the series [Chapter IV, (1.2)] is (C, 6 —1/2)-
summable on every closed arc é(r) C e(r) consisting of regular points for its sum.
The last statement is nothing but a theorem of Fatou-Riesz type for series in Jacobi
polynomials.

As for series in Laguerre polynomials {L%a)}%ozo is concerned, it is rather sur-
prising that the corresponding Fatou condition (3.3) involves the parameter o.
But the proof of (VIIL.3.2), as it is given in [P. RUSEv, 12], follows the same
ideas as in the classical case of power series.

230



. of series in Jacobi polynomials

Addendum

A REVIEW ON SINGULAR POINTS AND ANALYTICAL CONTINUATION
OF SERIES IN THE CLASSICAL ORTHOGONAL POLYNOMIALS

1. Singular points and analytical continuation of series
in Jacobi polynomials

1.1 It seems that one of the earliest paper on singular points of an analytic
function defined by a series in a system of classical orthogonal polynomials is that
of G. FABER [1]. In this paper is studied the relation between the singular points
of the analytic function defined by a series of the kind

(1.1) > anPu(2),

where {P,,(2)}52, are the Legendre’s polynomials, and the singular points of the
analytic function defined by the power series

(0]
(1.2) Z apw”.
n=0

The same problem is considered later by Z. NEHARI [1].

Suppose that P is an analytic function in the sence of Weirestrass and let P,
be an element of P, i.e. P, is a convergent power series with center at the point
a € C. Suppose that there exists a path I' : z = (¢),0 < ¢t < 1 starting at the
point a and such that for each § € (0,1) the element P, is continuable along the
path I'5 : z = v(t),0 <t < 6 but not along I'. In such a case we say that b = v(1)
is a singular point of the function P which is generated by the element P, along
the path I'.

If

(1.3) 1 < R = {limsup |an|1/n}_1 < 00,

n—oo

then by (II.1.1),(b) the series (1.1) is convergent in the region E(R) and, by the
classical Cauchy-Hadamard formula, R is the radius of convergence of the series
(1.2).

Denote by F the analytic function defined by the sum of the series (1.1), and
let A be the analytic function defined by the power series (1.2). By P and A we
denote the elements of F and A centered at the point z = w = 1, respectively.

Denote by J the Zhukovskii transformation, i.e.

(1.4) ﬂm:%m+w1)
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If I' is a path in the z-plane, then there exist two paths IV and I'” in the w-plane
such that J(I'') = J(I'') = T, i.e. T has two pre-images by the transformation
(1.4). NEHARI’S theorem is the following proposition:

(Add.1.1) A point T # +1 is singular for the function F generated by the
element P along a path which starts at z = 1 and avoids the points 1 and —1 if
and only if

(1.5) T = %(a+o——1),

where o is a singular point of the function A, which is generated by the element
A along the path which starts at w = 1 and coincides with one of the pre-images
of ' by the transformation (1.4)

As it is proved by NEHARI [1], if f is the sum of the series (1.1) and g is that
of (1.2), then

1 f(z)dz
(16) glw) = 2mri /(JE (1 —2wz+ 22)1/2

and

221 g(w) dw
(17) f(z) - o /[‘1 (1 2wt w2)1/27

where C; is the circle |2 = (A +¢)" 'L, A =1/R,0<e <1- ), and L is an arc
which joins the points w = —1 and w = 1 in the region E(R), and such that
1 —2zw + w? # 0 for w € L. The value of the radical at the point z = w = 0 is
assumed to be equal to 1.

The proof of (Add.1.1) is based on the representations (1.6) and (1.7) as well
as on the idea used in the proof of the well-known Hadamard theorem about the
multiplication of singularities.

The relation (1.5) is given in the paper [1] of FABER but this is not pointed out
by NEHARI in [1]. FABER has warned that in the case when F is multivalued, this
relation is missing, in generally, by ”passing on the other sheets” of the Riemann
surface of the function F (G. FABER [1, p.110]). In particular, the points w = 0, +1
may be singular for F even in the case when the points z = +4, £1 are not singular
for the function A. It is also possible the points w = +i to be singular for the
function A and at the same time the point z = 0 not to be singular for F. The
same holds for the points z = oo and w = 0, cc.

In the paper of NEHARY [1] this ”disparity” of the singular points of the func-
tions F and A is illustrated by means of a suitable example.

A generalization of (Add.1.1) is proposed by V.A. JACUN [1]. Denote by
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F(@0) the analytic function defined by the series in Jacobi polynomials

o0
(1.8) Y an P ().
n=0

Then the corresponding proposition can be stated as follows:

(Add.1.2) Suppose that Reaw > —1,Ref8 > —1 and let I' be a path which
starts at a point of E(R) \ {—1,1} and avoids the points 1, —1, and let T" and T"
be the pre-images of I' by the mapping (1.4). Then the end point 7 of I' could
be singular for the analytic function F (0,3) by the continuation of the sum of the
series (1.8) along I' if (1.5) holds, where o is a singular point of the function g
by its continuation along the path I'' +T". Moreover, a point T # +1 is surely
singular for the function F(%P) if at least one of its pre-images by the Zhukovskii
transformation is a singular point of A and at the same time it is a corner or a
good accessible point of the principal Mittag-Lefler star of the function A. The
last assertion, in general, is not true in the case when 7 = oo and 0 =

Mittag-Lefler’s principal star M (.A) of the analytic function A defined by the
power series (1.2) is the union of all segments [0,rgexpif) with 0 < ry < oo
and 0 < 6 < 27 such that if § € [,0,27) and 0 < p < 7y, then the series
(1.2) is continuable along the segment [0, pexpif] and it is not continuable along
[0, 79 expid] if rg < co. Each point ryexpif with ry < oo is a boundary point of
M(A). It is called a corner of M(A). A boundary point of M(A) is called good
accessible if there exists an open semi-disk centered at this point and lying entirely
in M(A) [L. BIEBERBACH, 1, 1.4].

As a corollary of (Add.1.2) we can state the following proposition:

(Add.1.3) If Reaw > —1 and Re 8 > —1, then a boundary point T of the region
E(R) of convergence of the series (1.8) is a singular point for its sum if (1.5) holds,
where o is a singular point for the sum of the power series (1.2).

Remark. Recall that a point zg on the circle C(0; R) is said to be regular
for the sum of the series (1.2) if there exist a disk U(zo; p) and a complex-valued
function ¢ holomorphic in this disk such that ¢(z) = f(z) for each z € U(0; R) N
U(zo; p). A point on C(0; R) is called singular if it is not regular. It is clear that a
singular point of the series (1.2) is also a singular point for the analytic function
A generated by this series along the radius [0, zo].

1.2 The paper [1] of NEHARI is inspired by a theorem of G. SZEGO [2] which
clarifies the relation between singularities of the harmonic function

(0.9]
u(r,0) = Z anr’ Pp(cosf),

n=0
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where a, € R,n =0,1,2, ..., and limsup,, . |an|"/" = 1, and the singularities of
the power series Y ~°  apz"™ on the unit circle.

Nehari’s result is carried on series in the eigenfunctions of a suitable Sturm-
Liouville problem [R.P. GILBERT and H.C. HOWARD, 1].

A recent paper [P. EBENHAFT, D. KHAVINSON and H.S. SHAPIRO, 1] presents
an essentially different approach to Hehari’s theorem and its Gibert’s generaliza-
tion (Theorem C of the paper just mentioned) which is based on a general prin-
ciple concerning the propagation of singularities of solutions of partial differential
equations.

The paper [1] of J. GUNSON and J.G. TAYLOR contains a proposition like
Hadamard’s multiplication theorem but for series in Legendre’s polynomials. More
precisely, the authors claim that a point ¢ could be a singular point for the analytic

(0.9]

function which is defined by the series Zanbnpn(z) if

n=0
(1.9) ¢=af+ (o — D)Y2(F2 - 1)Y/2,

where o and 3 are singular points of the analytic functions defined by the series

o0 0
ZanPn(z) and anPn(z), respectively.
n=0 n=0

0O.S. PARASYUK points out in his paper [1] that the relation (1.9) is a (formal)
corollary of NEHARI’S result (Add.1.1) via the classical HADAMARD multiplica-
tion theorem. He points out also that a relation like (1.9) can be found in a paper
of S. MANDELSTAM [1].

In another paper [2] PARASYUK formulates without full proof a proposition
about the relation between singular points of the analytic functions which are de-

(0.9] o0
fined by the series ZanPT(l)‘) (z) and Z@(an)PT(,)‘) (z), where @ is a complex-valued
n=0 n=0
function which is holomorphic in a neighbourhood of the origin, and {PT(L)\)(Z)}%DZO
are the ultraspherical polynomials. A more general result of this kind about series
o0

of the form Zq)(an)l%ga’ﬂ)(z) is given in the above mentioned paper of JACUN [1,

n=0

Theorem 4].

1.3 Suppose that 0 < A < 7/2,—7/2 < B < 0,0 < h < 1, and denote by
Gp(A, B) the angular domain defined by the inequalities B < arg({ + h) < A.
Suppose that a is a complex-valued function continuous on the closure of this
domain, and holomorphic in its interior. Suppose that there exists R € (1,00)
such that

(1.10) a(¢) = O(exp(~C log R))
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when ( — oo in G, (A4, B).

Further, denote by I'y, 0 € R, the curve with parametric equation
¢ = cos(texp(—id)),0 <t < oo,

and let D(A, B) be that component of the open set C\{I' 4./, UT' p_r 5} which
contains the origin. Then, it holds the following proposition due to V.F. COWLING
[1, Theorem 2.1]

(Add.1.4). The holomorphic function defined in the region E(R) by the series

(1.11) > a(n)Pu(z)

n=0
is analytically continuable in the region D(A, B).

It is evident that Gj(mw/2,—m/2) is the half-plane defined by the inequality
Re( > —h. In this case every of the curves I' _ /2 and I'___ /2 coinsides with the ray
[1,00) of the real axis. Thus, we obtain the following proposition (V.F. CowLING
[1, Corollary 2]):

(Add.1.5). Suppose that a is a complex-valued function continuous on the
closure of the half-plane Re( > —h,0 < h < 1, and holomorphic in its interior.
If a satisfies (1.10), then the holomorphic function defined by the series (1.11) is
analytically continuable in the region C\ [(R+ R™1)/2, 00).

1.4 A well-known fact is that the analytical continuation of a (convergent)
power series centered at the origin in its principal MITTAG-LEFFLER’S star can
be realized by the method of summation due also to MITTAG-LEFFLER (G.H.
HARrDY [1, 8.10]).

A matrix-method for summation of series in Legendre polynomials is discussed
in the paper of A. JAKIMOWSKI [1]. In fact, the author propose an effective
method for analytical continuation of a holomorphic function which is defined by
a (convergent) series in Legendre polynomials. To that end it is introduced the
Mitag-Leffler hyperbolic star-domain of a complex-valued function which is holo-
morphic in a neighbourhood of the segment [-1,1]. The corresponding definition,
as well as the main result, namely Theorem 2.1, are given on p. 292 of the paper
just mentioned.

1.5 Series in Jacobi polynomials which define holomorphic functions with only
polar singularities on the boundaries of their regions of convergence are also stud-
ied. Some results of this kind are quoted below.

(Add.1.6). [G. BoYCHEV, 12, Theorem 1] Suppose that the inequalities (1.3)
hold and let the sum of the series (1.8) have only poles on the ellipse e(R). If one
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of them, say zy, has multiplicity greater that the multiplicities of the others, then
there exists limy,—o0(ayn /any1) = w(zo).

Remark. We recall that w is that inverse of Zhukovskii transformation for
which w(c0) = co.

(Add.1.7) [G. BoYCHEV, 12, Theorem 2] Suppose that the inequalities (1.3)
hold. If all the singularities of the series (1.8) on the ellipse e(R) are only simple
poles, then

(1.12) anR"n 2 = O(1), n — oo.

The converse of the above proposition is also true:

(Add.1.8) [G. BoycCHEV, 13, Theorem 3| Suppose that (1.3) and (1.12) are
satisfied. If all the singularities of the series (1.8) on the ellipse e(R) are only
poles, then they are simple.

If (1.12) is replaced by a stronger requirement, then (Add.1.8) does not hold.
More precisely, the following assertion is true:

(Add.1.9) [G. BovycHEv, 13, Theorem 5] Suppose that (1.3) holds. If
limy, 00 anR”n_l/2 = 0, then the sum of the series (1.8) has no poles on the
ellipse e(R).

2. Singular points and analytical continuation of series
in Hermite polynomials

2.1 If the power series (1.2) has a positive radius of converegence R and if there
exists a non-negative integer ng, such that all the coefficients a,, with n > nq are
located in an angle with vertex at the origin and opening less that 7, then w = R
is a singular point along the radius [0, R| for the analytic function .4 defined by
this series.

In his Lehrbuch der Funktionentheorie, 11, Teubner, 1927, p. 280, L.. BIEBER-

BACH names the above proposition as theorem of VIVANTI-BOREL-DINES, but on
pages 41-42 of the book L. BIEBERBACH [1] it is noted that the particular case
when a, > 0,n > ng, is due to A. PRINGSHEIM and that the names of VIVANTI
and DINES are connected with Theorem 1.8.2 on p. 40 of the same book, which is
a generalization of PRINGSHEIM’S result.

Propositions like that of PRINGSHEIM are valid for series in Hermite polyno-
mials too.

(Add.2.1) [E. HILLE, 2, Theorem 5.1] If the series

(2.1) > anHn(2)
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has a positive ordinate of convergence Ty, i.e.

(2.2) 0 < 79 = —limsup(2n + 1)_1/2 log |(2n/e)"/2an| < 0,

n—oo
and if i"a, > 0 when n > ng, then ity is a singular point along the segment [0, i7o|
for the analytic function H defined by the sum f of this series. If (—i)"a, > 0
when n > ng, then the same is true for the point —ity along the segment [0, —iTo).

(Add.2.2) [E. HIiLLE, 2, Theorem 5.2] If aspy = 0,n = 0,1,2,... and
(=1)"agy, > 0 for n > ng, then the points +ity are singular for the function
H along the segment [0,+iry]. The same is true if ayp, = 0,n = 0,1,2,... and
(=1)"agps1 > 0 for n > ny.

Denote ay, = an + i0n, an, B € R,n =0,1,2,... and define for z € S(7p)
={zecC:|Imz| <7}

fre(z) =) asHon(2), fie(z) =Y BanHon(2),

fro(z) = Za2n+1H2n+1(Z), fio(Z) = Zﬁ2n+1ﬂ2n+1<2’)-
n=0

n=0

The functions just defined are called components of the function f. Then the
following proposition holds:

(Add.2.3) [E. HILLE, 2, Theorem 5.3] If the points +iry are singular for some
of the analytic functions defined by the componenets of the function f, then at
least one of them is singular for the analytic function H.

As HILLE indicates, the last proposition is analogous to a theorem due to O.
SzAsz [1]. The following assertion is a corollary of (Add.2.2) and (Add.2.3):

(Add.2.4) [E. HILLE, 2, Theorem 5.4] If some of the component series of (2.1)
satisfies the conditions of (Add.1.1) and, moreover, its ordinate of convergence is
equal to 1y, then at least one of the points +i7, is singular for the analytic function

H.

A particular case of the above statement is a generalization of (Add.2.1)
which is analogous to that given by P. DINES and G. VIVANTY of PRINGSHEIM’S
theorem (E. HILLE [2, Theorem 5.5]).

A more complicated criterion the points +i7y to be singular for an analytic
function defined by series in Hermite polynomials is given in the same paper of E.
HiLLE [2, Theorem 5.6].
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2.2 In Chapter 4 of E. HILLE’S paper [2] is discussed the relation between the
analytic continuation of the series (2.1) and that of the series

(2.3) > AnanHy(2)

where {\, }72, is a sequence of complex numbers. Such a sequence is called regu-
larity preserving factor-sequence for the series (2.1) if the analytic continuation of
the series (2.1) along a path starting at the point z = 0 implies the same for the
series (2.3).

(Add.2.5) [E. HILLE, 2, Theorem 4.1] Suppose that the complex-valued func-
tion g is defined on the set of nonnegative integers as well as that it is holomorphic
in a neighbourhood of the point of infinity. If the series (2.1) has a positive ordinate
of convergence, then the series

e.¢]

Zg(n)aan(z)

n=0

has the same ordinate of convergence and, moreover, {g(n)}>2, is a regularity
preserving factor-sequence for the series (2.1)

(Add.2.6) [E. Hille, 2, Theorem 2.4] If G is an entire function of growth [1/2; 0]
and if the series (2.1) has a positive ordinate 7, of convergence, then the series

00
ZG YanHp(2)
n=0

has the ordinate of convergence at least equal to 7y, and {G(n)};°, is a regularity
preserving factor-sequence for the series (2.1).

Remark. An entire function is called of growth [p;],0 < p < 00,0 < o < o0,
if it is of order p and type o.

(Add.2.7) [E. HILLE, 2, Theorem 4.3] Suppose that G is an entire function of
growth [1/2; 0] with o < oo, and that the ordinate of convergence 7y of the series
(2.1) is greater than o. Then the ordinate of convergence of the series

0
ZG (2n + 1)anHy(2)
n=0

is at least equal to 7o — 0. Moreover, the holomorphic function which is defined by
this series is analytically continuable along every path I' starting at z = 0 and such
that the function f which is defined by the series (2.1) is analytically continuable
along the path I' by means of a chain of power series having radii of convergence
greater than o.
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As E. HILLE points out in his paper [1], the above propositions are analogous
to theorems for Taylor and Dirichlet series due to A. OsTROWSI, G. FABER, H.
CRAMER, respectively.

2.3 Recall that the series (*) and (**) from Comments and references to
Chapter IV, i.e. the series

(2.4) C(z) = Z ancn(z)
and
(2.5) S(z) = Zansn(z),

have the same strip of convergence as that of the series (2.1). Moreover, there is a
relation between the analytical continuations of the holomorphic functions which
are defined by the series (2.1), (2.4), and (2.5).

(Add.2.8) The function f which is defined by the series (2.1) is analytically
continuable in the region C N (—C), where C is the principal Mitag-Leffler star of
the function C(z) and -C ={w € C:w = —z,z € C}.

Let us mention that the above assertion is a part of Theorem 6 in E. HILLE’S
paper [2]. The "effective” continuaton of the series (2.1) is realized by means of
the representation (6.2.9) on p. 929 of [2]. In the last paper are engaged the
holomorphic functions

(2.6) ET(2) =) aney(2)

(2.7) E™(z)=) en(2),
n=0
e (2) = Ap(—i)" expli(2n +1)"/22], n=0,1,2,.. .,
e, (2) = Api" exp[—i(2n + 1)1/22], n=0,1,2,....

The proposition (Add.2.8) remains true if we replace C by the principal
MITTAG-LEFFLER star of the function S(z) since. as it is pointed out by E.

HILLE [2, p. 927], it coincides with C. The following assertions are also proved by
E. HILLE:

(Add.2.9) [E. Hille, 2, Theorem 6.4] If the function f defined by the series
(2.1) is holomorphic in the circle U(0; R) (i.e. its Taylor expansion with center at
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z = 0 has radius of convergence at least equal to R), then the same holds for the
functions C(z), S(z), E*(z) and E~(z).

(Add.2.10) [E. HiLLE, 2, Theorem 6.5] If z = z is the singular point of C(z)
nearest to the origin, or one of the several such points, then either zy, or —zy is a
singular point of the function f. Conversly, each singular point of f is a singular
point of one of the functions C(z) and C(—z). In particular, f is an entire function
if and only if C(z) is such a function.

Suppose that G is a complex-valued function holomorphic in the angular do-
main —7 < —#; < arg z < 6 < 7 with positive 6;,0,. Suppose that the function

(2.8) n(0) = lim sup r12]og |G (rexpif)|

r—00

is continuous and bounded in the interval (—6y, 6,) and, moreover, that n(0) < 0.
Define the region A = C\ {E U (—FE)}, where E = {z € C : Im[z exp(i0/2)]
< n(#),—0; < 0 < 6y)}. Then the following proposition holds:

(Add.2.11) [E. HiLLE, 3, Theorem 2| The series

o
> AL G (n)Hy(2)
n=1
has the ordinate of convergence 1y = —21/ 21(0), and define a holomorphic function

which is analytically contnuable in the region A.

2.4 An interesting result which is given as Theorem 6.2 in E.Hille’s paper [2],
is the following proposition:

(Add.2.12) There exist a Hermitian series with finite and positive ordinates
of convergence which have no (finite) singular points on the boundaries of their
strips of convergence. In particular, there are such series which are analytically
continuable in the whole complex plane.

Suppose that ¢ is an entire function of order 1/2 and normal type o (i.e.
0 < 0 < 00) which has only real and negative zeros. Then, as it is shown on p.
931 of E. Hille’s paper, the series

oo

> glin 1) Honlz
Agng 4n +

has ordinate of convergence ¢ and, moreover, it is analytically continuable in the
(finite) complex plane, i.e. it defines an entire function.

Other examples of entire functions with the above property, i.e. such that their

Hermite’s series expansions have finite ordinates of convergence, are given also in
[E. Hille, 3.
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Suppose that G is a complex-valued function, holomorphic in the right half-
plane and that there exist constants A > 0 and B > 0 such that

lim sup r1/2 log |G(rexpif)| < A(tan |9])1/2 - B,

7—00
when —7/2 < § < w/2. Then the following assertion holds:

(Add.2.13) [E. HILLE, 3. Theorem 1] The series
o0
> AL G(n)Hn(2)
n=0

has ordinate of convergence not greater than 2-1/2B and it is analytically continu-
able in the whole (finite) complex plane, i.e. it defines an entire function.

3. Singular poins and analytical continuation of series
in Laguerre polynomials

3.1 Suppose that {a,}5°, is a sequence of complex numbers such that

(3.1) Ao = — limsup(2v/n) ' log|an| > 0.

n—oo

Let us recall that if « +1 50, —1,-2,..., then A()\g) = {z € C: Re(—2z)"/2

< Ao} is the region of convergence of the series
(©.9]

(3.2) > anLi(2).
n=0

Denote by f the sum of this series and let £ be the analytic function which is
defined by the holomorphic function f. The following proposition is analogous to
a well-known property of the power series.

(Add.3.1) [G. BOYCHEV, 4] Suppose that the sequence {an}52, of real num-
bers satisfies (3.1) with Ay < oo and let {Séa)(z)},?f:o be the partial sums of the
series (3.2). If & > —1 and limy 00 S\ (=A2) = 0o (or —00), then z = — 2 is
a singular point for the analytic function £ which is generated by the Maclaurin
series of the function f along the segment [0, —\3].

3.2 A part of the results about singular points and analytical continuation of
series in Laguerre polynomials are analogous to that for series in Hermite polyno-
mials. E.g., in the paper of L. BOYADJIEV [3] the proposition (Add.2.5) is carried
over series in the Laguerre polynomials {L%a)(z)}?f:o under the assumption that
« is real and different from —1, —2,—3,.... Moreover, the following propositions
are valid too.
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(Add.3.2) [L. BoyapJiev, 5, Theorem 3] Suppose that o # —1,—2,-3,...
is real and let the sequence {an}52, satisfy (3.1). If the entire function G is of
growth [1/2;0], then the series

o0

> G(n)anLi(2)

n=0

has region of convergence A(\) with A > Ao and, moreover, the principal Mittag-
Leffler star of the function which is defined by this series contains the principal
Muttag-Leffler star of the function which is defined by the series (3.2).

(Add.3.3) [L. BovyaDpJiEv, 5, Theorem 4] Suppose that o« # —1,—2,—3, ... is
real and let the sequence {ay}5°, satisfy (3.1) with \g < co. If the entire function
G is of growth [p; o] with o < Xo, then the series

o

> " Gdn + 1)an LY (2)

n=0

has region of convergence A(\) with A > \g — o and, moreover, the holomorphic
function which is defined by this series is analytically continuable along every
segment [0, (], € C such that the sum of the series (3.1) is continuable along it
by a chain of power series with radii of convergence greater than o.

Suppose that the complex function G is holomorphic in the angular domain
—7m/2 < =6 < argf < Oy < w/2 with 01,05 > 0. Assume that the function (2.8)
is continuous and bounded for § € (-6, 65) and, moreover, that 7(0) < 0. Define

V = {z € C:Re[(—2)"?exp(i0/2)] > —n(6),0 < < 65},

and
V ={z€C:Re[(—2)"2exp(i6/2)] < n(6),0 < 6 < 6, }.

The following proposition for series in Laguerre polynomials is analogous to
(Add.2.11):

(Add.3.4) [L. BoyapJikv, 11, Theorem 5] If —1/2 < e < 1/2, then the series
(3.2) with coefficients

an={Tn+a+1)}"'T(n+1)G(n), n=0,1,2,...

has A(Xo) with Ay = —n(0)/2 as a region of convergence and, moreover, the
holomorphic funtion defined by its sum, is analytically continuable in the region
D=c\{VUV}.

Suppose that the complex function a is continuous on the closure of the angular
domain G}, (A, B) which was defined in Section 1.3 and that it is holomorphic in its
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interior. Suppose that there exist \g € (0,00) such that a(¢) = Olexp(—2Xgv/C)]
when ¢ — oo in Gj (A, B). Then the following assertion holds:

(Add.3.5) If a« # —1,—2, -3, ... is real, then the series

> aln)Li(2)

n=0

converges in the region A(\g) and, moreover, the holomorphic function defined by
its sum is analytically continuable in the angular domain —A < argz < —B.

The above proposition is proved by V.F. COWLING [1, Theorem3.1] in the case
a = 0. The generalization just given is due to L. BOYADJIEV [7].

3.3 There are series in Laguerre polynomials which have regions of convergence
A(Ao) with 0 < A\g < oo and such that every (finite) point of the boundary of A(\g)
is regular (i.e. not singular) for the holomorphic functions which they define. Such
examples are analogous to those proposed by E. HILLE and considered in the
previous Section.

(Add.3.6) [ L. BoapJiEV, 11, Theorem 4] Suppose that the entire function g
of growth [1/2;0],0 < o < oo has only real and negative zeros. If —1/2 < o < 1/2,
then the series

i D)"(n+ 1){T(n+ o + Dg(dn + 1)} 'L (2)

has A(o) as its region of convergence and, moreover, its sum is analytically con-
tinuable in the whole (finite) complex plane, i.e. it defines an entire function.

(Add.3.7) [L. BoyapJiev, 1,Theorem 5] Suppose that the complex-valued
function G is holomorphic in the right half-plane. If

limsupr /% log |G(rexpif)| = A(tan ]9\)1/2 — 2Ny, —T/2 <0< 7/2,

7—00

where A > 0 and 0 < Ay < 00, and —1/2 < a < 1/2, then the series

S (i) T+ DT+ 0+ 1)} G L)

n=1

has A(X) as its region of convergence. Moreover, its sum is analytically continu-
able in the whole (finite) complex plane.

3.4 It seems that the analytical continuation of series in Laguerre’s polyno-
mials by means of BOREL’S and MITTAG-LEFFFLER’S methods of summability
is not yet studied systematically. BOAS and BUck gave sufficient conditions for
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a Laguerre expansion of an entire function f of exponential type to be Mittag-
Leffler-summable. This is really the fact when the conjugate indicator diagram of
f avoids the ray (1,00) of the real line [BoAs and BUCK, 1, p.40,(X)].

In [G. BoycHEV and P. RUSEV, 1] it is proved that the series in the Laguerre
polynomials {L%a)(z)}%io which represents the function [V, (3.18)] in the region
A(XN),0 < Ay < 00, is B'-summable (i.e. it is summable by means of Borel’s
integral method [G. HARDY, 1, 8.5]) in the region A(Agv/2)\ (—2A2, —A2] provided
that a > —1/2.

4. Gap theorems and overconvergence

4.1 From (Add.1.3) it follows that if the power series (1.2) has radius of
convergence R € (0, 00) and, moreover, every point of the circle C'(0; R) is singular
for its sum, i.e. the disk U(0; R) is the domain of existence of the analytic function
A which is defined by this series, then each point of the boundary e(R) of the region
of convergence F(R) of the series (1.8) is singular for its sum, i.e. E(R) is the
domain of existence of the analytic function F(® defined by the series (1.8). In
particular, it follows that for series of the kind (1.8) it holds a proposition which
is analogous to the classical gap theorems, due to J. HADAMARD and E. FABRY
[L. BIEBERBACH, 1, Theorem 1.8.5 and Theorem 2.2.1 |, about the analytical
uncontinuability of power series of the kind

o0
(4.1) Zakwn’f7

k=0

where {nk}zio is an increasing sequence of non-negative integers. As their corol-
laries we can state the following propositions:

(Add.4.1) Suppose that {n;}?°, is a sequence of non-negative integers such
that

(4.2) nk+1>(1—1—0)nk, k=0,1,2,...,
where ) > 0 and let {a},}7°  be a sequence of complex numbers such that

(4.3) 1 < R = (limsup |ak\1/”’f)_1 < 00.

n—:oo

If Reaw > —1 and Re3 > —1, then E(R) is the domain of existence of the
analytic function which is defined by the sum of the series

(4.4) Z ap P9
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(Add.4.2) The proposition (Add.4.1) holds if

(4.5) lim — =0.
Remarks: (1) Condition (4.5) is much more weaker than (4.2). The latter
can be expressed also in the following way:

liminf{ng, , —ng} > 0.
k—o0

(2) E. BOREL has changed the above condition by the following:

n -n
lim inf Dkt — Tk

> 0.
k—oo /e

(3) G. FABER has proved HADAMARD’S gap theorem under each of the as-
sumptions

0
anza<oo, 0<o<l,

k=1
and
n -n
limian, o> 0.
]{?—>OO nk

(4) E. FABRY has proved that (Add.4.2) holds when
lim (nk‘—H - nk) = Q.
—00

The last requirement implies (4.5) but, in general, the converse is not true.
(Example: nop, = k%, nopq = k% +1).

(5) The above propositions along with corresponding references can be found
in [L. BIEBERBACH, 1, 2.2].

4.2 Series in Hermite polynomials (more exactly in Hermite functions) with
gaps have been studied by E. HILLE [2]. In order to state some of his results we
need some definitions and notations.

Suppose that {)\k}zil is a monotonically increasing sequence of real and posi-
tive numbers. Denote by N(¢)(0 < t < 0o) the number of \’s which are < ¢, and
define w(t) = tY/2(N(t)) 7!, and w*(t) = infy,>¢ w(u).

In Chapter 5 of his paper [2] E. HILLE formulates the following hypothesis:

Hypothesis A: w(t) — oo when t — oc.

Hypothesis B: w(t)(logt)™! — oo when t — oc.

Hypothesis C: Hypothesis A holds and, moreover, A\; , —A; > c)\llc/ ? with some
c>0.
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Hypothesis D: Hypothesis A holds and, moreover, there exists g > 0 such that
for every € > 0,

Nevs = M 2 N expl= (4 <) (1)
when k > ko(e).
(Add.4.3) [E. HILLE, 2, Theorem 5.7] Suppose that {n;,}7°, is a sequence of

positive integers which satisfies either of Hypotheses B,C or D (with u = 0). If
the series

(4.6) > apHn,(2)
k=1

has positive ordinate of convergence 1y, then the strip S(7y) is the domain of
existence of the analytic function defined by its sum.

Remarks: (1) In the case \, =ny, k=1,2,3..., Hypothesis A is equivalent
to k~2nj, — oo when k — oo.
(2) As E. HILLE has pointed out [2, p.932, Corollary], the condition n; = O(k?)

is not sufficient to ensure the non-continuability of the series (4.6).

(Add.4.4) [E. HILLE, 2, Theorem 5.8] Suppose that {n;}7° is an increasing
sequence of positive integers which satisfies the Hypothesis D. Then the region of
existence of the analytic function which is defined by the series (4.6) is contained
in the strip S(7o + )

Using (Add.4.3) E. HILLE has got the following result [2, Theorem 5.9]:

(Add.4.5) If the series (2.1) has a finite and positive ordinate of convergence
To, then the set of series

(0.]
> enanHy(z), e =+, n=0,1,2,...,
n=0

which are analytically non-continuable outside the strip S(ry) (i.e. for which each
point on the lines Im z = +7 is singular), is non-denumerable.

This assertion is analogous to a classical theorem for power series formulated
at first by P. FATOU and proved later by A. HURWITZ and G. POLYA.

4.3 The above theorems of E. HILLE are transfered for series in Laguerre
polynomials by L. BoyADJIEV [11, Theorem 5]. If the sequence {n;}7°  satisfies
suitable modifications of the Hypotheses B,C,D and, moreover,

(4.7) 0 < —limsup(2,/ng) 'log|ai| = Ao < o0,
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then A()\g) is the naturale domain of existence for the analytic function which is
defined by the series

o0
(4.8) > apLi)(2), —1/2<a < 1/2.
k=0

Propositions like (Add.4.3), (Add.4.4) and (Add.4.5) are also established
[L. BovyapJiev, 11, Theorems 6,7,8].

4.4 A. OSTROWSKI discovered a remarkable property of the power series with
gaps and named it ” Uberkonvergenz” (overconvergence) [1].

We say that the power series (1.2) with positive radius of convergence R has
HADAMARD’S gaps if there exist two increasing sequences {py}7°, and {q;}7°, of
positive integers and a real number # > 0 such that

(4.9) a > (1+0)p, k=0,1,2,...

and, moreover, ap = 0if pp <n < q, k=0,1,2,.... Then, as OSTROWSKI has
proved, the subsequece of partial sums

o (Sau)”

n=0 k=0

is uniformly converegent in a neighbourhood of every point of the circle C(0; R)
which us regular for the series (1.2). To this end he uses the classical HADAMARD’S
three-cicle theorem. More precisely, he applies it to the functions {p(w) —
sp, (W) 72, where ¢(w) is the sum of the series (4.10) and {sy(w)}p2, is the
sequence of its partial sums.

HADAMARD’S gap theorem is a corollary of OSTROWSKI’S theorem. Indeed, if
we define pp, = ng,qr = ng,., £ =0,1,2,..., then (4.2) is satisfied and, moreover,
(4.10) is just the sequence of the partial sums of the series (4.1).

A. OsSTROWSKI has shown also that the overconvergence of a power series is
closely related with the existence of gaps. More precisely, he has proved that if a
sequence of partial sums of the series (1.2) with radius of convergence R € (0, 00)
is uniformly convergent in a neighbourhood of a point of the circle C'(0; R) which
is regular for its sum, then this series can be represented as a sum of a series with
HADAMARD’S gaps and a series with a radius of convergence, greater than R.

4.5 OSTROWSKI’S overconvergence theorem has been proved for series in other
systems of holomorphic functions and, in patricular, for series in denumerable
systems of polynomials. A result of this kind is stated e.g. in a paper of S.YA.
ALPER [1].

Suppose that K is a nonempty compact subset of the complex plane with a
simply connected complement G. If K contains more than one point, then denote
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by r the conformal radius of the region G with respect to the point of infinity
and let r = oo when K is a single point. If r < oo, then we denote by w = ¢(2)
the conformal mapping of G on the region {w € C : |w| > r~* U {oc}} for which
©(00) = 0o and ¢’(c0) = 1. In the case r = oo, i.e. when K = {z} with z € C,
let ¢(z) = z — zp. Then we have the following proposition:

(Add.4.8) Suppose that {p,(z)}°2,, degpn, = n,n = 0,1,2,... is a system
of polynomials with the property that for every R > r~!, and € > 0 there exists
M(R,¢e) < oo such that the inequality |pn(z)| < M(R,e)(R+ €)™ holds for n
=0,1,2,..., and z € Cp, where Cp is the pre-image of the circle C(R;0) by the
mapping ¢. Then an overconvergence theorem of Ostrowski’s type holds for series

(0.9]
of the kind Zanpn(z) provided 0 < limsup,,_, o ]anll/n =pt<r L
n=0
Remark. The proof can be carried out in the lines of that of the classical
OSTROWSKI’S theorem, i.e. by using Hadamard’s three circles theorem.

As a corollary of the above proposition as well as of the asymptotic formula
[Chapter III, (1.9)] for Jacobi polynomial we obtain that a theorem of Ostrowski’s
type holds for series in these polynomials:

(Add.4.9) Suppose that a+1, 3+1 and a+ (342 are not equal to 0, —1,—2, .. ..
If the series (1.8), whose coefficients satisfy (1.3), has HADAMARD’S gaps, then
there exists a subsequence of its partial sums which is uniformly convergent in a
neighbourhood of every point of the ellipse e(R) provided that it is regular for its
sum.

4.6 OSTROWSKI type overconvergence theorem holds also for series in Laguerre
polynomials:

(Add.4.10) [P. RUSEV, 1, Theorem 2] Suppose that « is an arbitrary complex
nuber and that {a,}5°, is a sequence of complex numbers which satisfies (3.1)
with 0 < A\g < oo. Let there exist two sequences {py,}7° , and {q;}}2, of positive
integers such that (4.10) holds and, moreover, a, =0 when p. <n < q;., k= 0,1,
2.... Then the sequence of partial sums

{ianw(z)}

is uniformly convergent in a neighbourhood of every regular point z € p(\g)
= 0A()\g) for the holomorphic function, defined by the series (3.1).

oo

k=0

OSTROWSKI’S idea is followed in the proof of the above proposition but, instead
of the series (3.1), we consider the series

0
(4.11) > an i ().
n=0
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Notice hat if (3.1) holds, then the region of convergence of the series (4.11) is
the vertical strip ¢ € C : |Re (| < Ao.

In a paper of MU LEHUA [1] is given a proof of (Add.4.10) for the series (3.2)
provided — limsup,,_,~,(2v/n) 'log|ap| = 1 and that « is real and greater than
—1. The author applies Hadamard’s three-circle theorem directly to the functions
{f(2) = Sp,.(2)}72,, where f is the sum of the series (3.2) and {Sy,(2)}p2, is the
sequence of its partial sums.

As a corollary of (Add.4.10) we can formulate a theorem of Hadamard’s type
for series in Laguerre polynomials.

(Add.4.11) [P. RusEv, 1, Theorem 3| Suppose that « is an arbitrary complex
number and that {n;}7°  is a sequence of positive integers which satisfies (4.2)
with 6 > 0. If {a;,} 72, are complex numbers such that the inequalities (4.7) hold,
then the series (4.8) defines an analytic function for which the region A()\y) is its
domain of existence.

As it was just mentioned, the proposition (Add.4.10) is proved by using
Hadamard’s three circles theorem. The same techniques can be applied to se-
ries in Hermite polynomials. Thus, we obtain the following proposition:

(Add.4.12) Suppose that the series (2.1) has ordinate of convergence T,

€ (0,00) and that there exist two increasing sequences {py}7-, and {q;}7°, of
positive integers which satisfy (4.9). If ap, =0 when pp, <n < qi, k=0,1,2,...,
then the sequence of partial sums

of the series (2.1) is uniformly convergent in a neighbourhood of each boundary
point of the strip S(7y) provided it is regular for the holomorphic function, defined
by the series (2.1).

Comments and references

In the paper of JUTTA FALDEY [1] it is shown that gap theorems of FABRY’S
type for lacunary series in the classical Jacobis, Laguerre and Hemite polynomials
can be derived in a unified approach bythe use of certain differential operators of
infinite order.

Let us mention also that in [J. FALDEY, 2] are proved Ostrowski’s theorem on
overconvergence, Hadamard’s gap theorem, and FATOU-HURWITZ-POLYA’S theo-
rem for series in RAKHMANOV’S type polynomials [E.A. RAKHMANOV, 1].

If limsup,,_.o |an|"/" = 1, then the series (1.1) diverges at each point out-
side the segment [1,1]. Under the additional asumption that |a,| = O(nP),n =

1,2,3..., for some positive integer p, G.G. WALTER [2] proves that this series
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”converges” in (—1,1) to a distribution g and that the analytic representation ¢
of g is given by the series

Y im lanQn(2), 2 € €\ [-1,1],
n=0

where {Qn,(2)}52, are the Legendre associated functions. Moreover, the function
g has a singular point 2y = (wg + wy ')/2 in (—1,1) if and only if the function
which is defined by the power series (1.2) has wy # +1 and Wy as singular points
on the unit circle [G.G. WALTER, 2, 3. The main theorem)].

At the end of [G.G. WALTER, 2| the author points out: ”Our result can be

extended quid pro quo to Jacobi polynomials P,ga’ﬂ )(z), a, 3 > —17 and afterwards
he gives a "sketch” of the proof.

The validity of G.G. WALTER’S proposition just mentioned is confirmed later
by A.I. ZAYED [1] in the case a = 3, i.e. for expansions in ultraspherical polyno-
mials.

Suppose that dy,ds,ds,...,d, k> 1, are distinct non-zero complex numbers
and that each of the complex numbers ay,, n —0,1,2,..., be equal to one of d’s.
Then, as it is proved by G. SZEGO [3], either the sum of the power series (1.2) is
a rational function of the form P(z)(1 — z#)~!, where P is a polynomial, or it is
not analytically continuable outside the unit disk. Moreover, the first case occurs
if and only if there exists an integer v such that the sequence {a,}72,, is periodic.

In [P. Rusev, 30] it is shown that a theorem of SZEGO’S type holds for se-
ries in polynomials which are orthogonal on the segment [-1,1] with respect to
a suitable weight function. As a corollary we can assert that if o, > —1 and
an = \pR™", R > 1,n=0,1,2,..., where each \,, n = 0,1,2,..., is equal to
one of the complex numbers dy,ds,ds, ..., d;, then the function defined by the
series (1.8) is analytically non-continuable outside the ellipse e(R) provided that
the sequence {\,}5°,, is not periodic for each v =0,1,2,....

Remark. A theorem of SZEGO’S type holds even for series in systems of
polynomials with the property described in (Add.4.8). It means that the above

corollary concerning Jacobi’s polynomials {Pr(la’ﬂ )(z)}%';o holds provided a, 8 are
arbitrary complex numbers.

A remarkable generalization of FABRY’S theorem [L.. BIEBERBACH, 1, Theorem
2.2.1] is due to G. POLyA [1]. He has proved that if the power series (4.1) has
positive and finite radius of convergence R and, moreover, if there exists

(+) im -~ =,

then each closed arc C5(R) of the circle C'(0; R) with angular measure 274 contains
at least one singular point of the analytic function defined by this series.
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Denote by e5(R) the image of the arc C5(R) by the Zhukovskii transformation.
As a corollary of (Add.1.3) we can assert that if (1.3) and (*) hold, then the
series (4.4) has at least one singular point on each arc of the kind es(R).

Theorems of POLYA’S type are obtained by A.F. LEONT’EV for series in Jacobi,
Hermites and Laguerre polynomials as corollaries of more general reuslts about the
singularities of holomorphic functions which are defined as limits of sequences of
linear combinations of solutions of linear second order differential equations. The
corresponding propositions can be found in [A.F. LEONT’EV, 1, Theorems 3.2.15,
3.2.16, 3.2.17].

It seems that most of the results about singular points as well as about analyt-
ical continuation of series in the classical orthogonal polynomials can be carried
over series in the corresponding systems of associated functions. This is realy the
case when e.g theorems of Vivanti-Dines’ type are in question [G. BOYCHEV, 4,
Theorems 4,5]. It is not difficult also to prove gap theorems of Ostrowski’s type
for series in Laguerre’s as well as in Hermite associated functions.

Suppose that the series (3.2) converges in the whole complex plane, i.e. its sum
is an entire function. If, in addition, this function is of exponential type, then,
in general, there exists a relation between the singularities of its Borel transform
and that of the power series (1.2). More precisely, if & > —1 and if the series (3.2)
represents an entire function f of exponential type less that one, then a point v is
singular for its Borel transform By (w) if and only if the point 1 — ! is singular
for the power series (1.2). This assertion which can be regarded as a theorem of
Faber-Nehari’s type for series in Laguerre’s polynomials is proved by A.J. ZAYED
[2] for @ = 0 and by L. BoyADJIEV [1] for arbitrary o > —1.
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Appendix
A SHORT SURVEY ON SPECIALL FUNCTIONS

1. Gamma-function
1.1 The points 0, —1, —2, ... are the only zeros of the entire function

(1.1) F(z) = exp(Cz)z ﬁ (1 + %) eXp(‘%)

and, moreover, all they are simple. The constant C' is uniquely determined by the
requrement F'(1) = 1 which leads to the equality

(1.2) C = lim {zn:% log( n+1)}
k=1

n—oo

Usually C' is called Euler-Masceroni’s constant.
By definition,

(1.3) r(2) :%, cec\{0,-1,-2,.. ).

Hence, the I'-function is a meromorphic function with only simple poles at the
points 0,—1,—2,.... Moreover, I'(z) # 0 for z € C, i.e. the I’-function has no
zeros. In particular, I'(1) = 1.

1.2 The most popular integral representation of I'-function is that in the half-
plane Rez > 0, i.e.

(0.¢]
(1.4) r(z) = / £ exp(—t) dt, Rez > 0.
0

From (1.4) it follows that

where ~
g(z) = / t*"Lexp(—t)dt
1

is an entire function. Using the expansion of exp(—t) in a power series centered
at the origin we easily find that if Re z > 0, then

(1.5) I'(z) = +9(2).

nl z+n
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By the identity theorem the above representation holds in the region G
=c\{0,-1,-2,...}.

1.3 Integrating by parts in (1.4), we obtain the relation
(1.6) [(z+1)=2zI'(2)

provided Re z > 0. Again, the identity theorem yields that it holds in the whole
region G. In particular, since I'(1) = 1, we have

(1.7) 'n+1)=n!l, n=0,1,2,....

Using the functional equation (1.6) and the defining equality (1.3), we find that
for z e C\Z

(1.8) )1 —2) =
Since I'(1/2) > 0, it follows that

(1.9) I'(1/2) = /7.

1.4 Define the complex-valued function v in the region C \ (—o0,0] by the
equality

(1.10) I'(2) = V212* Y2 exp(—2){1 + ~(2)}.

Then, whatever 0 < 6 < 7 and p € R be, the function z7(z) is bounded in the
region D(6, p) defined by the inequalities | arg z| < m—d and |z| > p. In particular,
v(z) = O(27 1) when z — oo and |argz| < 7 — 4.

The representation (1.10) is called Stirling’s formula for I'-function. In parti-

cular,
(1.11) n! = V2rn™ 2 exp(—n) {1 +

where v, = O(n~!') when n — occ.

It can be proved that if @ and 3 are arbitrary complex numbers, then there
exist constants {v(c, 8)}7°,(70(a, 3) = 1) and a sequence of complex functions

{’Yz(/a’ﬁ)(z) %, which are holomorphic in a region of the kind E(a,3) = {z € C :
d(z, (—00,0]) > po = po(a, B) > 0}(d(z, (—00,0]) is the distance of the point z to
the ray (—o0,0]), and such that for v =1,2,3...

I(

v—1
%g; = zo‘_ﬁ{g fyk(a,ﬁ)z_k + *y,(,a’ﬁ)(z)}, z € E(a, ).

(1.12) e
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Moreover, if 6 € (0,7), then 'y(a’ﬁ (2) = 0O(z7") when z — oo in E(a, 3) and
|arg z| < m — §. For example,

r v—1
(1.13) % = na—ﬂ{va,ﬁ) + s }
k=0
where fy () _ = O(1) when n — oo, and, in particular,
F(n+a) Lo (a=pB)a+B-1) 1

1.5 The holomorphic function B(z,w), defined by the equality
1
(1.15) Bz, w) = / F - e gt
0

provided that Rez > 0 and Rew > 0, is called beta-function (B-function). It can
be expressed by means of I'-function, i.e.,

(1.16) B(z,w) =

2. Bessel functions

2.1 The equation
(2.1) 2w 4 2w’ + (22— aPHw =0

is called the Bessel differential equation. Its (analytic) solutions are called the
cylinder functions. Bessel functions are special kind of cylinder functions.
The power series

5 orl

“VIl(v+a+1)

- (0%
2 )

v=0

is absolutely convergent in the whole complex plane. This can be proved e.g. by
using the well-known geometric test. Moreover, it is easy to verify that the entire
function, defined by this series, satisfies the differential equation

2w + 20+ 1) 2w’ + 2%w = 0.

Therefore, the complex-valued function, defined in the region C \ (—o0c, 0] by
the equality

(2.2) Ju(2) = (E>a§: (_1)’/(§>

—~ vIl(v+a+1)’
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is a holomorphic solution of the equation (2.1) in this region. It is called Bessel
function of the first kind with index (or parameter) c.

If o is not an integer, then J,(z) and J_,(z) are linearly independent solutions
of the equation (2.1) in the region C\ (—o0, 0].

If @« = —n is a negative integer, then the first n terms of the series in the
right-hand side of (2.2) vanish, and a simple calculation leads to the relation

(2.3) Jon(z)=(-1)"Tn(2), n=1,2,3....
2.2 After replacing z by iz in (2.1) we obtain the equation
(2.4) 2w 4 2w’ — (22 + aP)w = 0.

It is called the modified Bessel differential equation. Evidently, the function

(5)"

v+a+1)

(2.5) In(2) = exp(—ian/2)Jo(iz) = <§>az .

V=0

(as well as the function I_,(z)) is a solution of the equation (2.4) in the region
C\ (—00,0]. It is called modified Bessel function of the first kind with index o.
If « is not an integer, then I, and I_, are linearly independent in the region
C\ (—00,0], but I_y(z) = Ip(2) forn=1,2,3....

If « is not an integer, then the function

{I-a(2) = la(2)}

™

(2.6) Ku(2)

2sin am

which is also a solution of (2.4) in the region C \ (—o0,] is called modified Bessel
function of the third kind with index a. Let us note that K_,(z) = Kq(z2).

By definition Ky (z) = limq—n Ka(2), n € Z, i.e. the relation K_,(2) = Kp(2)
is still valid when n is an arbitrary integer.

It can be proved that the representation
(27) Kn(Z) = (_1)n+1In(z> 10g(2/2) + wn(’z)? n= 07 17 27 e
holds in the region C\ (—o0, 0], where 1, is an entire function.

2.3 There exists numerious relations between Bessel functions both of the same
and different kind. We need only some of the so called recurrence formulae:

(2.8) Ja—1(2) + Jas1(2) = 2a27 1 Ja(2),

(2.9) In—1(2) = Ing1(2) = 202 ', (2),
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(2.10) Ka-1(2) — Kay1(2) = =202 'Ky (2).

If o =n+1/2, n €z, then all the Bessel functions become elementary or can
be expressed as linear combinations of such functions. For instance, we have

(2.11) (@) J_y/5(2) = \/gcos z; (b) Jypa(z) = \/gsin z;
(2.12) (@) I_y/5(2) = \/gcosh z; (b) Iy (2) = \/gsinh z;

(213) K_yale) = Ky a(2) = [ - exp(—=).

The first two of the above formulae follow from the defining equality (2.2). The
validity of (2.12) (a),(b) follows from the definition of the function I, by (2.5).
The last two equalities follow immediately from (2.6).

2.4 If Rea > —1/2, then for z € C\ (—00,0] the equality

(2.14) T(o+ 1/2)Ja(2) = %(g)a /1(1 — 2012 o ot

holds. It is called Poisson’s integral representation of the function Jy.

In order to give here another integral representation of the function J,, we
denote by L(6, p) the boundary of the region D(4, p) defined in the previous section.
Suppose that ¢ € (0,7/2) and that L(d, p) is counterclockwise oriented, then

1 a
(2.15) T2 = 5=(3)" [ L elC - a0 dc

for z € C\ (—o0,0].
If Reaw > —1/2, then the integral representation

z

(2.16) T(a+1/2)Kq(z) = \/%(5)“ /100@2 — 1)V oxp(—2t) dt

holds for the modified Bessel function K, in the half-plane Re z > 0.

2.5 Denote for a € Cand £ =0,1,2,...

(a, k) = (40® — 1%) (40’ — 3?) ... (4a* — (2k — 1)?).

k122
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If « is real, then the representation (v =1,2,3,...)

v—1

(2.17)  Jalz) = %{Cos(z —an/2 - 1/4) [Z(—l)k(a, 2k)(22) "% + gy(z)]
k=0
—sin(z — arw/2 — 7 /4) [Z(—l)k(a, 2%k +1)(22) "1 4 ny(z)] }
k=0

holds in the region C\ (—o0, 0], where &, and 7, are complex-valued functions which
are holomorphic in this region. Moreover, if § € (0,7), then &,(2) = O(2~%) and
ny = 0(z~?""1) when z — oo and |argz| < 7 — §.

For the function K (z) it holds the asymptotic formula

(218)  Ka(z) = \/gexp(—z){Z(a,k)@z)—k + gy(z)}, v=1,2,3,...,

k=0

in the region C \ (—o0,0], where the complex function (;, is holomorphic in this
region, and (,(z) = O(z7") provided v is fixed and z — oc.

3. Hypergeometric functions

3.1 The equation
(3.1) z(1—2)w" +[c—(a+b+1)2Jw —abw =0

is called hypergeometric differential equation with parameters a, b, c. Its (analytic)
solutions are called hypergeometric functions.

For a € C we define
(3.2) (a)o=1, (a)p =ala+1)(a+2)...(a+k—-1), k=1,2,3...,
ie. ifa#0,—-1,—2,..., then
I(a+ k)
. =—— k=0,1,2,....
(33) (@) = S B =0.1.2

Suppose that ¢ # 0, —1,—2,..., then the power series

o0 k

(a)k(b)g

(3.4) ~ LR
2

zZ
|
0 C)k k!

converges in a neighbourhood of the origin, and its sum is a solution of the equation
(3.1).
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The analytic function which is defined by the power series (3.4) is called Gauss’
hypergeometric function and usually it is denoted by F'(a, b; ¢; z). The same nota-
tion is used for the sum of the power series (3.4), i.e.

ab z ala+1)bb+1) 22

¢ 1! clc+1) 21

(3.5) F(a,b;c;2) =1+

Let us point out that if @ = —n (resp. b = —n),n = 0,1,2,..., then the
equation (3.1) has a solution which is a polynomial of degree n namely

(3.6) F(—n,b;c;2) = Z w : i

p () k!

n
=0

Up to a constant factor this is the only polynomial solution of the equation
(3.1). In all other cases every solution of this equation which is holomorphic in the
neighbourhood of the zero point has a representation by an infinite power series
centered at the origin. In particular, the series in the right-hand side of (3.5)
(when a,b # 0,—1,—2,...) is called hypergeometric series. One can easily prove
that the radius of convergence of each hypergeometric series is equal to one.

3.2 An equation of the kind
(3.7) 2w + (¢ — 2)w’ —aw =0

is called degenerate (confluent) hypergeometric differential equation and its (ana-
lytic) solutions are called degenerate (confluent) hypergeometric functions.

Ifc#0,—-1,—2,..., then the power series
Zk
e C)k k!

is convergent in the whole complex plane and, hence, it defines an entire function
of the complex variable z. This function is a solution of the equation (3.5). Usually
it is denoted by ®(a;c; z), i.e.
a z ala+1) 2?

3.8 blajc;2)=1+— — 4+ — 2 ...
(38) (o) =1+ gt ey 2t

The power series in the above equality is called the series of Kummer and (3.8)
is known as Kummer’s function with parameters a and c.

If a = —-n, n =0,1,2,..., then the right-hand side of (3.8) reduces to a
polynomial of n-th degree, i.e.

" —Nn Zk
(39) @(—n;c; Z) = Z ( )k . _
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Moreover, up to a constant factor this is the only polynomial solution of the
equation (3.7).

3.3 If Rea > 0, then the integral

(3.10) U(a;c;2) =

') /0 t9 7 1+ ) exp(—2t) dt

is absolutely uniformly convergent on every (closed) half-plane of the kind Re z

> § > 0. Hence, it defines a complex-valued function holomorphic in the right
half-plane.

If z =2 > 0, then replacing t by tx, we find that

xl—C o0 ta—l eXp(—t)
V(a;c;x) = T'a) /0 T e dt.

The integral

o0 @1 exp(—t)
Ha,cz)= [ ——SPED g
@)= [ R

is uniformly converegent on every compact subset of the region C\ (—o0, 0], hence,
it defines a holomorphic function there. Since ¥(a;c;x) = 27 ¢(T'(a)) 1 (a,c; )
for z > 0, it follows that the function (3.10) admits an analitical continuation in
the region C \ (—o0, 0] realized by the equality

(3.11) U(a;c;2) = ;(;; /OOO t(z__l_i))(aPEZL) dt, z € C\ (—o00,0].

We call (3.11) the Tricomi degenerate (confluent) hypergeometric function with
parameters a,c. It is easy to prove that it is a ”second” solution of the equation
(3.7) in the region C\ (—o0, 0]. More precisely, it means that the functions ¥(a; c; z)
and ®(a;c; z) are linearly independent in the region C \ (—o0, 0].

3.4 If Rec > Rea > 0, then the integral representation

I'(c) ! a—1 c—a—1
m/o (1 —¢) exp(zt) dt

holds. This can be easily verified using the power series expansion of the function
exp(zt) as well as the defining equality (3.8).

(3.12) O(asc;2) =

Another integral representation of Kummer’s function is the following;:

(3.13) ,C/2-1/2 exp(—2)®(a;c; 2)
= & = ¢/2—a—1/2 .
[(c—a) /0 t p( t>Jc—1(2\/_t) dt.

It holds in the region C\ (—o0, 0] provided that Rec > Rea > 0.
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Tricomi’s function has an integral representation in terms of the modified Bessel
functions of the third kind, i.e.

(3.14) 26/2_1/2\I/(a; ¢ 2)

1 o0
. a—c/2—1/2 .
= T@la—ct D /0 t exp(—t)Kq—1(2V zt) dt.

It holds in the region C \ (—o0, 0] provided that Rea > 0 and Re(a — ¢) > 0.

35IfaeC)\ (—00,0 and ¢ # 0,—1,—2,... is real, then there exist complex
functions {¢y(c;2) 172, and {ry(a,c;2)}p2; which are holomorphic in the region
C\ (—00,0] and such that for v =1,2,3... the representation

(3.15) 2/m(T(e) " (—2) >V exp(—2/2)®(a; ; 2)

v—1
_ a—c/2+1/4 eXp{Q(—Z)l/Q\/E}{Z @k(CQ Z)a—k/2 + r,/(a,, C; Z)}
k=0

holds in this region. Moreover, if v and c are fixed, then for every positive number
p, and every compact set M C C\ (—o0, 0] there exists a positive constant A

— A(p, M) such that [a*/?r,(a,c; z) < A when Rea'/? > p and z € M.
Suppose that a and ¢ are real and that a — ¢/2 > 0. Then the representation

(3.16) V2(a — c/2)a_c/2+1/4zc/2_1/4 exp(c/2 —a — z/2)¥(a;c; 2)

= exp{2(a — ¢/2)'*VEHL + dla, 5 2)}

holds in the region C \ (—o0, 0], where v (a, ¢; z) is a holomorphic function in this
region. Moreover, if ¢ is fixed, then for every p > max(0,c¢/2) and every com-
pact set E C C\ (—00,0] there exists a constant B = B(p, E) > 0 such that
la=/2)(a,¢;2)| < B fora > pand z € E.

There is another asymptotic formula for the function ¥(a;c¢; z) when a,c are
fixed and z — oo in the region C\ (—o0, 0]. More precisely, for every v = 0,1,2, ...
the representation

v

— 1
(3.17) U(a;c;z) = Z(—l)k ()pla—c+ )kz( —a—k)+0,(a,c;z2)
k!
k=0
holds where the complex functions {0, (a, c; 2)}52,, v =0,1,2,..., which are holo-

morphic in the region C\ (—oo, 0], are such that |z ~%"Y~16,(a,c; z)| = O(1) when
z — 00 in this region.
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4. Weber-Hermite functions

4.1 The equation
(4.1) w' + (v +1/2—-22/H)w =0, vec

is called the Weber-Hermite differential equation. Its solutions are called functions
of the parabolic cylinder. All they are holomorphic in the whole complex plane,
i.e. all they are entire functions of the complex variable z. Moreover, they can be
expressed in terms of the degenerate hypergeometric functions. In particular, the
function

(4.2) Dy(z) = 2"/ 2 exp(=22/4) 20 ((1 — v)/2;3/2; 2%/2)

:2’//2e>q:>(—z2/4){F r/2) (—v/2;1/2;2%/2)

(1—=v)/2)
I(=1/2) 2
2)——=P((1 — 2;3/2;2°/2
HEIVD Ty (= /23122 2)
is a solution of the equation (4.1). It is called the Weber-Hermite function with
index (parameter) v.

Other solutions of the equation (4.1) are the function D, (—z), D_,—1(iz), and
D_,_1(—iz). The last two of them are linearly independent, hence, all the solu-
tions of (4.1) are their linear combinations. In particular,

I'v+1 . . . .
(4.3) Dy(z) = g{exp(ym/Z)D_y_l(ls) + exp(—vmi/2)D_,—1(—iz)}.
V2r

As a corollary of (4.2), one can prove that if ¥ = n is a nonnegative integer,

then the function

(4.4) exp(z%/4) Dy (2)

is a polynomial of n-th degree. Moreover, up to a constant factor, (4.4) is the only
polynomial solution of the equation (4.1) with v =n, n=0,1,2,....

4.2 There are many integral representations for the Weber-Hermite functions.
Further we include only those used in this book. Each of them holds in the whole
complex plane provided the parameter v satisfies an additional restriction.

Suppose that Rev > —1, then

(4.5) Dy(z) = \/gexp(z)/él) /000 t” exp(—t*/4) cos(zt — v /2) dt.

If Rerv < 0, then

_exp(—2z%/4)

(4.6) Dy(z) = Ty /Ooot_'/_lexp(—tQ/Q—zt)dt.
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If ¢ is an arbitrary positive number and v is an arbitrary complex number,
then

1c+00

exp(z%/4 — vmi/2) / exp(—C?/2 +iz¢)¢” dC.

1C—00

(4.7) Dy(z) =

1
V2
4.3 For each z € C and v € C\ [0, 00) we have the representation

@) Dule) = (=) exp(—v/2) exp{~(—) {1+ 8(0)

where §(z,v) is a holomorphic function of the complex variables z and v in the
region C x {C\ [0,00)}. Moreover, if 0 < p < R < oo, then there exists a positive
constant M = M(p, R) such that |(—v)/28(z,v)| < M for every z € U(0; R)
and every v such that Re(—v) > 0, and |v| > p. In particular, it follows that
lim|y|_,oo d(z,v) = 0 uniformly on every compact subset of the complex plane

provided that Re(—v) > 0.

Comments and referneces

The fundamential work of H. BATEMAN and A. ERDELYI [1] is the main source
of information about classical special functions used in this book.

Of course, there are some ”slight” modifications. E.g., we prefer the explicit
analytical continuation (3.11) of the TRiCcOMI function in the region C \ (—oo, 0]
instead of that given as [H. BATEMAN, A. ERDELYL, 1, 6.5, (3)].

The asymptotic expansion (3.15) for the Kummer function in the region C
\[0,0) is due to O. PERRON [1]. Here it is in the form given by [E. HILLE, 4,
(1.15)].

The asymptotic formula (4.7) is due to T.M. CHERRY [1]. A more general
asymptotic expansion for the Weber-Hermite function D, (z) involving a complex
parameter is given in [P. RUSEV, 33]. The last paper contains a generalization of
CHERRY’S formula as well as of the asymptotic formulas of SZEGO’S type for the
Hermite polynomials.
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