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Abstract

We review properties of confluent functions and the closely related Laguerre polynomi-
als, and determine their bilinear integrals. As is well-known, these integrals are convergent
only for a limited range of parameters. However, when one uses the generalized integral
they can be computed essentially without restricting the parameters. This gives the (gener-
alized) Gram matrix of Laguerre polynomials. If the parameters are not negative integers,
then Laguerre polynomials are orthogonal, or at least pseudo-orthogonal in the case of
generalized integrals. For negative integer parameters, the orthogonality relations are more
complicated.
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1 Introduction
Consider the (formal) differential operator
Foi=—20> — (1 +a—2)0.. (1.1)

Kummer’s confluent function Fy,(z) = 1Fi(a;c; z) is an eigenfunction of F,, with eigenvalue
”9%, where following [4, 5] instead of a, c we prefer to use the parameters

a=c—1, 0= —c+ 2a. (1.2)

Besides Kummer’s function, (1.1) possesses a second type of distinguished eigenfunction
with eigenvalues M%, called Tricomi’s confluent functions, which we denote U (a; ¢; z) or, in



the parameters (1.2), Uy ,(z). Tricomi’s functions usually have a better behavior near infinity
than Kummer’s functions.

The main topic of this paper is the computation of bilinear integrals of Tricomi functions,
more precisely, integrals of the form

/ Ug, o(2)Up, o(2)e *2%dz. (1.3)
0

It is known that for |[Rea| < 1 (1.3) can be computed explicitly, see e.g. [6]. For |Rea| > 1,
(1.3) is divergent — except for very specific combinations of the parameters — because of the
behavior of the integrand near 0. However, when one applies the so-called generalized integral,
one can compute (1.3) for all values of a. For o € Z, a # 0 one needs to apply the anomalous
generalized integral, and one obtains a much more complicated expression.

For special values of the parameters, Tricomi’s functions coincide up to a coefficient with
the well-known Laguerre polynomials. Their classical definition uses the so-called Rodriguez
Sformula

1
Ly(2) = —e*270%e*2"™, n €Ny, (1.4)
n!
and applies to all « € C. They are, however, orthogonal with respect to the positive definite
measure dyu(z) = 2% *dz on L?[0, oo[ only if a > —1.
The orthogonality relations for Laguerre polynomials, valid for Rea > —1,

MNl+n+a)
n!

/ L& (2) Lo (z)z% *dz = Smms (1.5)
0

belong to the standard knowledge. Again, using the generalized integral, we extend the relations
(1.5) to all « € C. For —a ¢ N we still have the same expression as in (1.5). In particular,
L¢ are (pseudo-)orthogonal to one another for m # n. The situation is more complicated for
—a € N, where the generalized integral becomes anomalous.

One can derive the bilinear integrals of Laguerre polynomials from those of Tricomi’s
functions. However, we prefer a direct method, which mimics the usual proof of the orthogonality
relations based on the Rodriguez formula and repeated integration by parts, known from standard
textbooks. Interestingly, integration by parts works quite well also for generalized integrals. This
is not obvious, so we dedicate a subsection in Appendix A to the description of integration by
parts in the context of generalized integrals.

For a & [—1, 00| (typically real, preferably integer), Laguerre polynomials are of interest in
several fields of mathematics, see for example [24, 25, 26, 14]. Apparently, the value o« = —1
is especially interesting in applications [2].

In a recent work [7], some of us (with collaborators) used the generalized integral, a concept
that goes back to independent considerations of Riesz [23] and Hadamard [9, 10], to give a
meaning to integrals over classically non-integrable functions. The generalized integral is a
linear continuation of the standard integral. It is closely related to the extension of homogeneous
distributions [ I, 22] and the so-called barred integral [18]. We find it interesting that replacing
the integral by the generalized integral, we are able to compute bilinear integrals of the form
(1.3) and (1.5) for arbitrary complex c.

Our paper is not the first to address generalized orthogonality relations of the classical
orthogonal polynomials. There is some literature on the subject [12, 15, 16, 17, 19, 13], where
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generalized orthogonality relations for some o € C with Re(«) < —1 are often described by
changing the integral measure, typically allowing for distributional measures. The generalized
integral is a natural tool that allows us to treat all o simultaneously. We have not seen such a
comprehensive description in the literature.

Here is the plan of our paper. Section 2 is devoted to the confluent equation for general
parameters. First we recall its basic theory, following mostly [4, 5]. In particular, we review the
definitions of four standard solutions of the confluent equation. Three of them typically blow
up at infinity, and only one of them, the Tricomi function, can be used in bilinear (generalized)
integrals of the form (1.3). The main new result of this section are the expressions for these
integrals for all parameters.

Section 3 is devoted to Laguerre polynomials. Again, we start with a concise exposition of
their theory. Then we compute their bilinear integrals. We use two methods. Our first method
is based on integration by parts, which interestingly works well also in the case of generalized
integrals. Then we give an alternative derivation: we show how bilinear integrals of Laguerre
polynomials can be obtained as special cases of bilinear integrals of Tricomi functions obtained
in Section 2.

In Appendix A we give a resumé of properties of generalized integrals based mostly on [7].
The appendix contains also a new fact not discussed in [7]: the integration by parts property of
generalized integrals. Appendix B contains proofs of two identities for the digamma functions
and the Pochhammer symbols needed in our analysis.

2 Confluent equation

2.1 Hypergeometric | /| function

(Kummer’s) confluent function, also called the hypergeometric | F function, is defined by the
following series convergent in C:

n

1Fi(a;c2) Z anz 2.1

cnn!

n=0

It is a confluent form of the 5/ function

1Fi(a;c;2) = blggo 2 F1 (Ga b; ¢; g); (2.2)

which satisfies the confluent quation
(20?4 (¢ — 2)0, — a)1 Fy(a;c;2) = 0 (2.3)
and the /st Kummer identity
1Fi(a;e;z) = e*1Fi(c — a;¢;—2). (2.4)

It is often preferable to replace it by the so-called Olver’s normalized | I\ function

7’L

F oo
Fi(a;cz) = 20005 (a:¢;2) Z e (2.5)

n=0



Here are its integral representations: for all parameters

2mi
]—OO,(O,Z)+,—OO[

— / t* et — 2)*dt = (Fi(a;c;2), (2.6)

for Rea > 0, Re(c —a) > 0,

1 Zi—c c—a—1 _ L
T(@)T(c—a) / et )T = Fu(g;2), @.7)

[1,400]

and for Re(c —a) > 0and a ¢ N,

% / et (=) (—t+ 1)t = Fi(a;c;2). (2.8)
[1,0+,1]
The meaning of the contours in (2.6) and (2.8) is the following. In (2.6), we start at —oo, go
around both 0 and z in the positive sense and go back to —oo. Similarly, in (2.8), we start from
1, go around 0 in the positive sense and go back to 1.
For integer m we have expressions in terms of elementary functions:

l1—c

1Fi(c+m;ez) = ® o meE (2.9)
C)m
Filc+ Jo P et (2.10)
c+m;cz) = ———=0,'2 . :
11 y &9 F(c—l—m) z
Here, to define 07" for negative m we use
0; ' f(z) = gen/ f(y)dy, (2.11)
0

provided that (2.11) is non-anomalous and that the function is integrable in the generalized sense
often enough.

2.2 Hypergeometric , /|, function

The following function arises as a result of a different confluence of singularities of the hyper-
geometric function. It is defined for w € C\ [0, +oo[ by

o Fo(a, b; —;w) == lim o Fy(a, b; ¢; cw),
CcC— 00

where |argc — 7| < m — €, € > 0. It extends to an analytic function on the universal cover of
C\{0} with a branch point of an infinite order at 0. It has the following asymptotic expansion:

- n b n
o Fo(a, by —;w) ~ Z (a)n(! ) w", largw — 7| < T — €.
n=0

It satisfies the equation

(w?02 + (=1+ (1 + a+ b)w)dy, + ab)2Fy(a, b; — w) = 0, (2.12)
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which we will call the 5 Fyy equation.
We have an integral representation for Rea > 0,

1 /OO 1 b—a-1 —b
—_— ettt —w)’dt = F(a,b; —;w), w¢|0,00],
. (t ) (a,b—5w), w &[0, ]

and for a ¢ N,

'l —a)

—tgb—a—1lgy o N=byp _ ..
Sy e it (t —w)™"dt = F(a,b; —w), w & [0,00].

[0,wT,0]

2.3 Equivalence between the | /| and , [, equations

It is easy to derive the following identity:

(—w)*t? (wQ(?fU + (=14 (1+a+bw)d, + ab) (—w) ™= 202+ (1+a—b—2)0. — a,

where z = —w™!, w = —z~!. Hence the »F, equation is equivalent to the ; ', equation with

the following relation between the parameters
c=14+a—-0b, b=14a—c
Because of this equivalence, Tricomi’s confluent function
Ula,c,z) =2 "%Fy(a,1 +a—c;—; —2z7")

is one of solutions of the | F equation,

2.4 Confluent equation in Lie-algebraic parameters

Instead of the classical parameters we usually prefer the Lie-algebraic parameters 6, «:

a=c—1=a->b, 0:=—-—c+2a=—-14+a+0b

14+a+6 ph = l=atb

=5 2

c=1+a.
Here are the ; F7 and 5 F{, equations in the Lie-algebraic parameters:
1
<za§+(1+a—z)az—5(1+9+a))f(z) —0, (2.13)
(w202 + (= 1+ @+ 0w)du + (5)° = (5)°) f(w) = 0. (2.14)

We introduce the | F} operator and the 5 Fjy operator:

Fol2,0,) = =202 — (1 4+ a — 2)0, (2.15)
= —27%%0,2' "% #0,, (2.16)
Fo(2,00) = =00 — (= 14 2+ 0)w)d, (2.17)
= —w % Puuwtle” 9, (2.18)



The | F} equation and the ,F{, equation can be interpreted as the eigenequation of the corre-
sponding operators:

(— Fulz,0.) — %(1 +0+ a))f(z) =0, (2.19)
(= Fotw.0) + (59" = (5)°) f(w) = 0 (220

We will treat the ; F; confluent equation as the principal one.
Here are Kummer’s and Tricomi’s confluent functions in the Lie-algebraic parameters:

1 0
Fyo(z) =1 F, (Jr;i 1+ a; z) 2.21)
1+a+6 1
Fy. ::F(—;l ;>:—Fa , 222
0.0(2) =1F 5 + a2 TatD) ® (2) (2.22)
Upa(2) = U1 o 2) = 27 3 oy (Lt Lol . 1) (2.23)
We have four standard solutions of the | /' equation:
Fyo(z) =€ F_go(—2), ~ latO0; (2.24)
27y _o(2) = 27 F g _o(—2), ~ 2z~ at 0; (2.25)
Upa(2) = 27Uy _a(2), ~ z " at + oo; (2.26)
U _po(—2) = (—2) % U_g_o(—2), ~ (—z)""le* at — oo. (2.27)

2.5 Connection formulas

The space of solutions of the confluent equation is 2-dimensional. Therefore, the Tricomi
function for o ¢ Z can be expressed in terms of Kummer’s functions:

_ T [ Foalz) | 2Fo_alz)
Upa(2) = TR, ( T (L=a) + I (15a) )7 (2.28)
. v 7 [ Fealz) | (=2)"Fo-al?)
e U_go(—2) = Sinm( N A==y ) (2.29)

2.6 Degenerate case

The case of integer « is called degenerate. For « = m € 7Z we have the identity

(2t0) Fyon(2) = 27" Fp_(2). (2.30)
We also have additional integral representations:
1 —a
. / et(1—f) LA = Foyonmm(2), 2.31)
2mi t ’
((2,0)F]

]- z —ay—m—1 —m
— | exp (-)(1—15) LA = 2 se i (2) (2.32)
27 t ’

[(0,1)F]



There are also corresponding generating functions

(1=2)"" = Y Fiis0mm(2), (2.33)
meZ

exp (2)(1—1)"" = > " "F_iia0rm-m(2). (2.34)
meZ

The Tricomi function for o = m € Z has a logarithmic singularity:

—ym (& e — 1)1( Lm0
Upm(2) ) (Z(—l)kl( S )*szk

=i P8 ] (2.35)

0 <1+m+9) )

" pa (mj—j)!;'!(ln(z) FP(ERE 4 G) — G+ 1) =g +m 1)>zj>.

2.7 Relationship to the modified Bessel equation

The confluent equation for # = 0 is equivalent to the modified Bessel equation (hence also to
the Bessel equation):

22/ le72 (zf)g +(1+20—2)0.—1— I/> ZVe2

5 1 V2
=0, +-0,—1——, z2=2r «a=2v. (2.36)
r r
The standard solutions of the confluent equation can be expressed in terms of standard solutions
of the modified Bessel equation, that is, the modified Bessel function and the Macdonald
function:

1 v 1
10 =,y (5) e i (v gizv o+ ) 237
F2v+1) /r\v _
=—— /(= "Foo,(2
T(v+1) (2) e oz (2r)
T /11 1
K,(r)= 2¢ 2Fo<§+V,§— ;—;—§> (2.38)

VT (2r) e " Up o, (2r).

2.8 Bilinear integrals

Let us start with the usual bilinear integrals of Tricomi’s functions. The following identities
are known, and can be found e.g. in [6] (where instead of Kummer’s and Tricomi’s confluent
functions the equivalent Whittaker functions of the first and second kind are used).

Theorem 2.1. For |Re(a)| < 1, the following identities hold:

/ Ugy o(2)Up,.a(2)e *2%dz (2.39)
0
2m

1
(91 — 92) sin To (F(1+91Q)F(1+92+a)

2 2

— (6, < 92))7 01 # 0a,



and

sin T F(1+g+a)P(1+g_a)

0 1+0+a 1+0—a
/ Upo(2)?e *2%dz = 7 (W s ) v )>. (2.40)
0

In the special case o = 0, we have

o0 9 (L) —gp(Lth)
Us, 0(2)Ug,0(2)e *dz = : 2L 0 # 0, (2.41)
/o 0h — 0, T(H)0(H2)
and
00 1146
/ Upo(2)’e *dz = 4 ( 2 )2 (2.42)
0 L)
Proof. By (2.19) and (2.16), we have
01— 0y [
! 5 2 / Ug, o(2)Up, a(2)e *2%d2 (2.43)
0

_ / (0217920, Up, o(2)) Uppa(2) — Upy o(2)0.21+ €20, Up, o(2)d2
0

= lim (ZH_OY <U01 a( )32U927a(2)>’

240

x4
where the left-right derivative is deﬁned by fOg == fO0g — (0f)g. Then, using |Re(a)| < 1,
the connection formula (2.28) and ="~ = I'(1 + 2)I'(1 — z), we obtain (2.39). The formulas
(2.40), (2.41) and (2.42) are obtalned by applying the rule of de 1’Hopital. O

The formulas (2.39) and (2.40) remain true for « € C \ Z if the integral is replaced by the
generalized integral. For o € Z, the generalized integral is anomalous. It can be computed via
dimensional regulatization:

Theorem 2.2. Let o € 7. Then, the following identities hold:
gen/ Ug, o(2)Up, o(2)e *2%d2 (2.44)
0

(D) ((EF) F e (H)
= 0, — 0y F(1+012—\a|)1—\<1+022+\o¢|>
(~1)° —

+ 14601 —|of 34+-02—|cf +k
1—\(1+012+\a|)1—\<1+922+|a|) g ( 2 )k( 2 )|a|—1—k

— (91 <> 62))

(= wllal = k) = (k4 1) + JH(HE) - S (5 ) )

gen/ Up.a(2)’e *2%dz (2.45)
0

= 21—x(1+95—o¢)120£1+9 a) <¢(1+02+|a|)2 _¢(w) + o (1+9+a) o (1+0 a)

la[-1

dllal — k) +¢(k+1)
22 1+60— la‘—f—k‘ )

8




Proof. The generalized integral (2.44) can be computed by dimensional regularization as out-
lined in Appendix A. By (2.26), the integrand is symmetric under o <+ —a. Hence, it is
sufficient to determine determine the generalized integral for —a € N.

Actually, it is convenient to pull out a prefactor and determine the generalized integral over
the auxiliary function

fla, 2) =D (H4=2)T (H2=2) Uy, (2)Up, o(2)e 2" (2.46)
By (2.39),
0o 27 1—1(1+927a) 1—\(1+917a)
a,z)dz = - 2 — 2 ) 2.47
/0 f( ) (81 - 92) sin T <F<1+022+a) F(1+021+a> ( )
For m € N, one then finds
fp / fla (2.48)

91 _)92 ((1+9§ m)m(¢(.1+9—§+m_) + 1/1(1+9+m)) — (6 < 82)). (2.49)
Let us write
o () ()

Recalling that o < 0 one sees that negative powers in (2.50) come from one source: the two
terms in the brackets can be rewritten using the connection formulas (2.28) and (2.29). This
yields a sum of four terms, but three of them have at least a power z~“. The only term which
contains a singularity at z = 0 is the product of

0o/ k(1+91 a) Zkr(—oz—k)
— of u 2.51
sin Tov Fo, Z k! ’ @51
k=0
and
00 1-02—« k
T (L==e )kz N(—a—k)
— F_ —z) = . 2.52
sin Tov 02.0(=7) Z k! 2.52)
k=0
Therefore, if p < |a| = —a, the coefficient of f(«, z) at z**? is
p (_1)k(1+021+a)k(1—922+a) F(—Oz _ k)r(_a —p+ k)
p—k
= 2.53
B p (_1)P<1+921+a>k(1+922—a —p+ k)pikr(_a . k)F(—a _p+ k’) (2 54)
N l(p— k) ’ '
p E!'(p —k)!
where we used (2);, = (—1)*(1 — z — k)y, in the last step. Finally, we use
gen [ fem) =t [ flaads] o] o @59
0 0 a=—m a=—m




We next prove (2.45). Applying the rule of de I’Hopital to the first line of the right hand side
of (2.44) we obtain

- >a1+e a)(W#ﬂﬂf—w(%)ﬁw’(l*’%)+w’(1+’%)>. (2.56)

QF( 1+9+a) F(

Next we use

1+0—|a 3+0—la] | 1. _ (1+92_‘a|)|a| 257
( 2 )k( 2 + )|a1k_1+92|a|+k (2.57)

to transform the last two lines of the right hand side of (2.44) into

o lo|-1 a —la
(-1) =~ ZUllal =B =kt D+ g H (5 = s H k(7 )
F<1+g+a)r(1+92—a) e 1+02 lol 4 k.
To simplify this sum, we use the following identity that can be proven inductively:
m—1
Hk('Z) 1 / 2
—(H H,, . 2.58
2otk = 5 (H(2) + Hin(2)°) (2.58)

Namely, using (2.58) we obtain

o] -1 Hk(1+9—|a\) . H‘a|717k<3+6—|a| +k)

2 - 2 (2.59)
,; Lfolo 4 g
_|%1 2H,, (1+9 |a|) H|a|(1+9;\a|) . 1
1+9 1+6—|af Tk (1+62—\a| +k)2
=Hi, (#'O“) + Hy (%)2 - H (H5)" - m, (B = o,
]

Note that for special choices of the parameters 61, 0, 6, the right-hand sides of (2.39), (2.40),
(2.41), (2.42), (2.44) and (2.45) may contain terms of the form 0 divided by 0. These special
choices of parameters include the case when the Tricomi functions reduce to (multiples of)
Laguerre polynomials. We therefore treat this case separately in the following section. We will
show that the singularities are merely apparent and that the right-hand sides of the mentioned
equations also make sense for the described special choice of parameters.

3 Laguerre polynomials

3.1 Basic properties

The Laguerre polynomials are traditionally defined by a Rodriguez-type formula:

Lo(z):= %e 2TYOte P (3.1)
(ot
=0 ; Min— k) (3-2)
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which is meaningful for all complex o € C. For real & > —1, the Laguerre polynomials are one
of the sets of classical orthogonal polynomials. Their natural interval is [0, oo[ and the weight
isw(z) =e %z

Up to a normalization, Laguerre polynomials are special cases of confluent functions:

1 n
La(s) = L gty ) (3.3)
n!
I'l+a+n
= —< n )F717a72n,a(z) (34)
= (_Z') oFo(—n, —a —n; —; —2z71) (3.5)
n!
—1)»
- ( TL‘) U—l—a—Qn,a(z)' (36)
Their generating functions are:
(141 =) "Ly T(2), (3.7)
n=0
(1—t) > texp = _ i t"L(2) (3.8)
t—1 = " '
They have the integral representation
1
L2(2) = — / e (1 +t) e, (3.9)
2mi
[0F]
The value at 0 and behavior at oco:
1 L -1
pe) = @ g Iale) (2D (3.10)
n! z—00 2" n!
For o« € N with o« < n, we have [27]
—a (n — Oé)' ara
L,%(2) = ——(=2)"L;_.(2), aeN a<n (3.11)
n!

Note that in this case, L, “(z) has a zero of order « at the origin.

3.2 Bilinear integrals

The bilinear identity for standard integrals, which for real @ > —1 expresses the orthogonality
relations, is well-known:

Theorem 3.1. Let Re(«) > —1. Then

MNl+n+a)
n!

/ LS (2) Lo (z)z% *dz = S (3.12)
0
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Proof. For completeness we sketch the proof. Assume without loss of generality that m > n.
Applying the Rodriguez formula (3.1) for L{ , and then integrating m times by parts and using
Re(a) > —1, one obtains

/OOLQ( VLA(2)2% /OO Do~z m+a)LO‘( )dz (3.13)
0 0

_ =" / IO LY (2)dz. (3.14)

Because m > n, we find 0"L%(z) = (—1)"d,,,, with the Kronecker delta on the right-hand
side. Then the remaining integral is nothing but the integral representation of I'(1 +n + «). O

If we replace the integral on the left-hand side of (3.12) with the generalized integral, formula
(3.12) remains valid if & € C\ —N, because then the generalized integral is non-anomalous and
can be computed by analytic continuation:

Theorem 3.2. Let o« € C\ —N. Then (3.12) remains true if we replace the usual integral with
the generalized integral.

The case of negative integer o is more complicated. The bilinear integral reduces to the
standard integral also for negative integer o provided that both m and n are not less than |«|:

Theorem 3.3. Let « € —N and m,n > |«|. Then (3.12) remains true (in the sense of usual
integrals):

* (1 —la!
/ LY (z) Lo (z)z% *dz = w&”*" = wém,n (3.15)
0 n. n.
Proof. By the identity (3.11)
gen/ LY (2) Lo (2)z% *dz (3.16)
0
_ (m—lap)!(n — [a])! o ol () slalg=2
- mn! 0 L \a|( )Ln la |() e "dz
— |
_ (ot

n!
O

For low degree Laguerre polynomials and negative integer o we need anomalous integrals:

Theorem 3.4. Let —« € N, m,n € Ny such that |«| > n and, without loss of generality,
m > n. Then

00 3 (_1)a+n
LS (2)Lo “e"*dz = <m; 3.17
sen [ IR = e nem GUT)
* L opagng (1T
gen/o Ly (2)*2%*dz = ol =1 = 1)!1/J(la] —n). (3.18)
Proof. Let us first consider the case m > n and |« > n. We find
oo 1 o0
gen / Ly, (2)Ly(2)z% dz = —gen / (0me 72T Lo (2)d. (3.19)
0 m: 0

12



We may integrate the right-hand side by parts n + 1 times, each time collecting the regular value
of the remaining integrand. Thus

00 1 n+1
gen/ LS (2) L3 (2)z% *dz = —
0

m)
k=1

E1vo ((am—ke—zzm+a)ak—1Lg(z)>. (3.20)

Inserting the series expansions

jal-m-1 o ‘
o e m*“z(—l)m_k< Z + ><_J+)](|O‘|_m_j)m—kzj+k_lal, (3.21)

J j=lal-k
ak lLa - nn+1 ; ( a_n n—i— k’-i-lz (3 22)
illn—i—k+ 1) '
=0
we obtain a triple sum:
gen/ LY (2) L (2)z% *dz (3.23)
0
n+1 |a|—m—1 .
(_1)m+n + )J ]
“ErEe((z s (ol == )
’ k=1 =|a|-k i=0

X

(o] = P)nt—it1 itr-jal+s
n—i—kt1) '

The regular value evaluated at 0 is then the coefficient for j = |«| — k —i. One quickly finds that
only the term ¢ = 0 is non-zero, so actually, the regular value is the coeflicient corresponding to
j = |a| — k and i = 0. Hence we are left with the single sum

(—1)m el =k L (k= m) i (o] — n)n ki1
m! —~  (lo| =F)(n+1-k)
n+1

n+a
B ]a|—n—1'z n+1—

(1o
n!(la] —=n—1)!(m —n)’

(3.23) = (3.24)

where in the last step we used an identity about telescoping series recalled in Lemma B.1.
Now consider m = n < |«a|. We again use the Rodriguez type formula. However, we can
now only integrate by parts n times, so that a simple generalized integral survives:

gen / h (L2(2)) 2% *dz (3.25)
0

= % (Z(—l)k I'Vo <(8nfkefz2n+a)ak71[/g(z)> + gen/ ezZnJradZ) '

k=1 0

13



The remaining generalized integral is the regularized Gamma function, which is treated as an
example in [7]:

(~1)+

gen/ e *" Ty = — 1>'¢(|a| —n), n<|aleN. (3.26)
O .

(laf =n -

The sum of regular values can be written as

1 n |a|-n—1 00 n+l—k (_1)]
k=1 j=

e/ =0

(|OZ| — n)1+n—k—i i+k—|a|+j
. . z .
illn—1—Fk+1)!

In contrast to the case m > n, now there are two terms that contribute torvy: (j = |a|—kAi = 0)
and (j = |a| —n—1Ai=n+1-—k). We obtain

(3.27) = é-1)n+a i(( k) (k) ):0 (3.28)

We thus proved (3.17). O

We may write down a “generalized Gram matrix” G(«) whose entries are the bilinear
generalized integrals over Laguerre polynomials. We have

(1
G(a) = diag (M) aeC\ -N, (3.29)
n!
and, for o € —N:
0 1 la| — 1 laf -
0 _ =Dy (lal) (=Dl . (=Dl
(la]-1)t0! (lel-1)! (lal=1)(Ja[-1)!
1 (=pl (=Dlly(al-1) (=Dl
(laf=1)! (la]=2)1! (lal=2)(Jaf-2)!
Gla) = : : : .
_ (=Dl (=1t ¥(1)
jof —1 (lal=1)(e[-D!  (al-2)(la]-2)! 0!(Jal-1)!
laf - - : : : diag (W)
In particular, all entries of the rows and columns 0, . . ., |a| — 1 are non-zero and the sign of the

entries of these rows and columns oscillates.

Integration by parts seems to be the simplest way to determine bilinear generalized integrals
of Laguerre polynomials. Alternatively, we can derive Thms 3.2, 3.3 and 3.4 from Thm 2.2,
using the fact that Laguerre polynomials are essentially special cases of Tricomi functions. For
Thms 3.2 and 3.3 this is easy. To derive Thm 3.4 we need to analyze certain seemingly singular
expressions.

14



Alternative proof of Thm. 3.4. Let m,n € Ny and o € Z. Let us show that

gen/ Ly (z) Ly (2)e *2%dz (3.30a)
0
(_1)m+n [e%¢} .
= pgen U_i—a—ona(2)U_1—a—oma(z)e *2%dz, m #n, (3.30b)
In! 0
and
gen/ L(z)%e " 2%dz (3.31a)
0
1 o0
= (n,>2gen / U_1-a-2na(2)?e ?2%d2. (3.31b)
- 0

The generalized integrals of Tricomi functions given by Thm 2.2 are seemingly singular for
the parameters in (3.30b) and (3.31b). However, these singularities are merely apparent. To see
this, we replace (3.30b) and (3.31b) by the following limits:

—1 m+n o
Lo E i gen / Uroonea()Uot—aamosea(2)e 2%z, m £n, (3.32)
mln! -0 0 ’ ’
o 1 . > 2 —z_ «
I = (nl)? lg%gen/o U_1—a-on—2ca(2)’e?2%z2. (3.33)

To determine /;, we may without loss of generality assume that m > n. Note that

a1

(), (B k),

k=0

X ( — (o — k) — Pk + 1) + LH (B — Lhy g (B k:)) < oo (3.34)

for any values of the parameters because possible vanishing denominators of the harmonic
numbers are balanced by the Pochhammer symbol. Due to the I" functions in the prefactor, see
Thm. 2.2, this sum only contributes if —a > m and —a > n. In the cases where the sum does
not contribute, we have

(_ 1)a+m+n

[ = -7 7" .
"7 2(m — n)ntm! (3.35)

P(n—e+y(-a—n—¢

MN(—a—n—e)l'(—m —¢) — (m <> n), a > 0;
) wn -0 +ua )
e— Chm—e) 4+ al—n— €
F(—n—€)r(‘0¢|—m_€) _(m<_>n)7 Oé<0, mZ |a|
Now we use
Y(z) (1 536)

[(2) ls=—k

15



to obtain

0, a > 0;
I = (_1)a+n (337)
: a <0, m>|al
(m —n)n!T(Ja| — n)
In particular, if @ < 0 and both m,n > |«/, then I; = 0.
Let us now assume that —a > m and —a > n (and still, m > n). Then
—1)atmtn —1)"™m!T — — (=1)™n!T —
. (1) (=)™ mIT (] = m) = (~1)"nil(a| = 1) ;o
2n!m!T(Ja| — m)(la] —n) m—n
|a]—1
+ Z 1—m+k:)|a‘ 1— k<Hk( ) H|a|_1_k(1—m+k;)>>,
where
k—1 k-1
EHi(z) =) ] =+ (3.39)
7=0 1=0,l#j

With similar manipulations as in the proof of Theorem 3.4 and using Lemma B.1, the sum in
the last line of (3.38) can be simplified and we obtain the expression from Thm 3.4.

The analysis of (3.33) is similar. We distinguish the three cases a > 0, (&« < 0 A n > |a])
and —a > n. The sum in (2.45) only contributes if —a > n. To obtain the limit, one needs
to evaluate certain combinations of ¢’(z), ¢)(z) and I'(z) at negative integers. We derive the
respective formulas in Lemma B.2. O

A Generalized integral

A.1 Definition

Let us recall from [7] the definition of the generalized integral where the integrand has a
non-integrable homogeneous singularity at 0.

Definition A.1. We say that a function f on |0, 00| is integrable in the generalized sense if it is
integrable on |1, 00| and there exists a finite set ) C C and complex coefficients ( fi,)req such
that

F=Y 0 fert (A1)

ke

is integrable on |0, 1[. The set of such functions is denoted F. For f € F we define

gen /OOO f(r)ydr = ki’j ] /1 < kar dr +/ f(r (A.2)

keQ\{—1} keQ
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Note that the set {k € Q| Re(k) < —1} and the corresponding f, are uniquely determined
by f. It is convenient to allow k£ with Re(k) > —1. The generalized integral of f does not
depend on the choice of €.

It is clear that the generalized integral extends the standard integral:

gen/ooo f(r)dr = /OOO f(rydr for f € L]0, col. (A.3)

The generalized integral is in general coordinate dependent. As was proved in [7], the
generalized integral is invariant under scaling if and only if f_; = 0, and invariant under a large
class of a change of variables if f, = 0 for every negative integer k.

Definition A.2. The generalized integral (A.2) is called anomalous if there exists n € N such
that f_,, # 0.
A.2 Integration by parts

Definition A.3. We say that F' € G if F' is a measurable function on [0, 00|, bounded on [1, 00|
and there exists a finite set © C C and complex coefficients (F})reco and ¢ € C, such that

F(r)— Z Fur* —clnr (A.4)
ke®

has a limit as r — 0. For F' € G we define the regular value of F" at 0:

rvo F = lim (F(T) - Y Frf-ch 7’). (A.5)
0 keo\{0}

Note that given F' the coefficients F}, for k£ € O such that Rek < 0, k # 0, as well as ¢, are
uniquely defined. Hence (A.5) depends only on F'.

Proposition A4. Let f € F andr > 0. Then
F(r) = - / Ty (y)dy (A.6)
belongs to G and
gen /0 ) fly)dy = —1vo F. (A7)

Proof. Ttis clear that I is bounded on [1, oo[ because f € F. Let 0 < r < 1. Then

/T‘” fly)dy = /,n1 (f(y) _kayk>dy+/loo f(y)dy (A.8)

keQ

+ Z kf—_ﬁl(l—rk*l)—fllnr

keQ\{~1}
—zen [ sy = [ (50) = 3 )y (A9)
0 0 keQ
i k+1
— Z rT— f o Inr
keQ\{—1} kt1
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The second term in (A.9) goes to zero as r \, 0. After pulling the last two terms to the left-hand
side, we may thus perform the limit » \, 0. We obtain (A.7). o

Corollary A.5. Let f, g be measurable functions and suppose that fqg',qf € F, and that
lim, o f(r)g(r) = 0. Then

gen [ 101900 = —gen [ £ (019l —walfo) (A.10)

Proof. Clearly, (fg)’ = fg" + f'g, hence (fg)' € F. Moreover
F0)9(r) == [ (oY . (A11)
Therefore, it is enough to apply (A.7) to F = fg. O

A.3 Dimensional regularization

We briefly recall from [7] how the generalized integral can be computed using dimensional
regularization.

Let N € Nandlet f : |0, 00[x{a € C|Re(ar) > —N—1} — Cbeafunctionsuchthat f(r,-)
is holomorphic for each 7, || f(-, @)||z1[1,00 is bounded locally uniformly in c, and there exist
holomorphic functions fo, . . ., fx of a such that the L')0, 1] norm of f(r, o) — 3.0 7o+ f,(«)
is bounded locally uniformly in c. Then f(-, «) is integrable in the generalized sense, and for
—a & {l,..., N} one has

gen/ f(r,a)dr (A.12)
0
N 1 N
fnlar) / + /OO
= — 4 ( r,o) — ro‘”na>dr+ r,a)dr
> g1t ), (e =X a@)ars [ fna)
By Morera’s theorem, the right hand side is, away from the poles at —1, ..., — N, a holomorphic

function of «.. Therefore, to obtain (A.12) in the non-anomalous case it is enough to compute
(A.12) in the region where the usual integral is convergent and continue analytically.

Let m € {1,...,N}. The right hand side of (A.12) has a simple pole at « = —m with
residue f,,,_1(—m) (possibly zero). Its finite part is

fp gen/oo f(r,a)dr = hm <gen/ f(r,a) _Jma=m )) (A.13)
a——m 0 a+m

To recover the generalized integral at « = —m, one also needs to subract a finite term:

gen/oof(r, —m)dr = fp gen/f rya)dr — fl._(—m). (A.14)
0

a——m
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B Two useful lemmas

We prove several identities that have been used in the computation of generalized integrals:

Lemma B.1. We have

(CL k (CL + 1)n
k! n!

which implies for m,n € N, m > n:

”Z“ (m—k!  ml 1
kzl(n—i—l—k’)!_n!m—n'

Proof. To prove the first identity, we compute

I L

k=0 k=1

The second identity follows from the first by setting a = m — n.

Lemma B.2. For n € Ny, we have

v’ V'(2) —(2)? n
F(S)Q = (n)?, and %Z)(Z) = (—=1)"2nl(1 + n).
Proof. Let z € C\ —Nj. Then
V() _ LWt D s LY+ L
'(z)2 N(z+1)2 " T(z+1)2 T(z+1)%
Therefore,
/ / n . 2
(0 (ZZ _ (( )n)2w (2 + nl i ((Z)jl,)2
I(2) Tetn? 22T +))
Taking the limit 2 — —n, we obtain
V'(2) o))
F(Z)2 z=—n N (n')QF(Z)z z=0 N <n'>2
The proof of the second identity works similar: Using
e —v(e)? _
i TR = 2 = 26(0),
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and

I(2) gF(l ) (B.10)
P (z41) —p(z+1)? N 21/1(2 +1)
B [(z+1) (z+1)
we inductively obtain
V() =) W)~z tn)? S, Y t))
=T - (2)n ) +2;(2)J‘1P(z+j)‘ (B.11)
Taking the limit = — —n and using (B.9), we obtain
/ _ 2 n '
W = 2(—=n)h(1) + 2 Z(—n)j_l(—l)”_J_l(n —Jj)! (B.12)
j=1
n - 1
== (—1) 2n‘<¢(1) + ; m)
= (=1)"2nl(1 4+ n).
O
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