SCIENTIA

Series A: Mathematical Sciences, Vol. 34 (2024), 109-129
Universidad Técnica Federico Santa Maria

Valparaiso, Chile

ISSN 0716-8446

© Universidad Técnica Federico Santa Maria 2024

The integrals in Gradshteyn and Ryzhik.
Part 34: Bessel functions

Gurung Aakash, Liam Amstrong, Maitreyo Bhattacharjee, Isaac Blackburn,
Andrew Hale, William S. Hendarto, Teiva Jabbour, Joshua Lentz, John J.
Lopez Santander, Megan McGhee, Victor H. Moll, Nicole Newfield, Ryo Sato,
Agrawal Shreepad, Nathaniel Smith, Navya Tripathi, and Zachariah Zobair

ABSTRACT. This work explores the application of the method of brackets to evalu-
ate definite integrals. We show the effectiveness of this method through numerous
examples involving Bessel function taken from the classical table of integrals by
I. S. Gradshteyn and I. M. Ryzhik

1. Introduction

The table of integrals by Gradshetyn and Ryzhik [18] is one the most used com-
pendiums of integrals. A project dedicated to producing proofs of these entries began
in [20] was motivated by an incorrect entry appearing in this table. Indeed, the 6"
edition [16] contains, as entry 3.248.5, the beautiful evaluation

e dz T
(1.1) 173 — )
- I (14229 [p(@) + o] 2V

42
3(1+22)2°
numerical evaluation of the left-hand side gives 0.666377 for the left-hand side is
approximately 0.641275. The initial solution to this problem was to exclude this
entry from the next two editions [17), 18]. At this point one of the authors of the
current work had become the scientific editor of the table.

The correct value for this entry was found by J. Arias de Reyna [6], expressed as
the difference of two elliptic integrals. The correct question was found by P. Blaschke

where p(z) = 1+ Unfortunately this evaluation is incorrect. A direct
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[8] in the form

dx T

}1/2 - 2\/6’

(1.2)
+

J (142292 ot

The difference between and is a single number (the extra 3 in the exponent).
Transcribing formulas is a delicate subject. A generalization of has been discussed
by L. Glasser [11].

The goal of the present work is to present some proofs of entries in [18] containing
the Bessel function in the integrand. Some examples have appeared in [12], [I4]. The
evaluation of entries containing products of Bessel functions is in preparation [2].

Bessel functions are an important family of special functions known for their
crucial role in the analysis of wave propagation phenomena. Among the expressions
for these functions one finds power series and integral representations. These formulas
make them particularly well-suited for the application of the method of brackets.
This is a relatively new method of integration, created by I. Gonzalez [I5] in his
Ph. D. Thesis. This method is described in Section The reader is referred to [7), [22]
for general information about these functions and to [21I] for a complete treatise on
them.

2. Fundamentals of Bessel, Gamma and Beta Functions

This section presents the definitions and fundamental properties of the special
functions that are considered in this work.

Bessel functions are solutions of the differential equation

2y

23 5t §y+(:c — 1)y =0.
These are divided into two types:
e Bessel functions of the first kind, denoted by J,, are defined by the power
series representation

(2.2) Ju( (Uk) ( )2“” .

(2.1)

k' Fv+k+1
e Bessel functions of the second kind, denoted by Y, is defined by
Jy(z) cos(mv) — J,l,(z)’ Ve

sin(7v)

(2.3) Yo(2) =

The case when v is an integer is treated by a limiting procedure. This is a second
solution of , linearly independent of J,,.

In addition to these two main types, one finds the modified Bessel functions I, (z)
and K, (z). These are variations of the Bessel functions of the first and second kinds,
respectively, defined by

. 1 2k+v
(2.4) I(z) =17 Ju( m( )
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and
7l (2) — L(2)
2 sin(vz)

(2.5) K, (@) =

Again, the limit must be used for the case when v is an integer. The function K,
admits the integral representation,

oo
(2.6) Kl,(x):/ e~ eosht cosh(vt)dt.
0

appearing as entry 8.432.1 in [18].
Through this work we will frequently encounter with the gamma function, defined
by

(2.7) I'(z) = /OOO ettt dt

This functions is a generalization of factorials to the complex numbers, except for
negative integers. Indeed, the value I'(n) = (n — 1)! for n € N is an elementary
consequence of the functional equation I'(x 4+ 1) = 2I'(x).

The well-known Gaussian integral

(2.8) /fo exp(—x?) dz = /T,

yields the special value I'() = /7.
Some properties of the Gamma function that will be frequently used along this
paper are given next:

e The Fuler’s reflection formula:

(2.9) I(1—2)(z) = $ for z ¢ Z,
which implies
(2.10) [(—n+z)=(-1) 1—F(n+1_x) .

e Legendre’s duplication formula:
1 V7 T(22)
2.11 r — | ==
1) () = sty
which produces for z = n € N the values
1\ 7 (2n)!

A companion function is the beta function, defined by
1
(2.13) B(a,b) = / 271 —2)" da.
0

It also admits the integral representation (see entry 8.380.3 in [18])

< et
(214) B(a,b) —/0 W,
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which is preferred for the application of the method of brackets since the integral is
taken over the interval (0,00]. Also, it is related with the gamma function via the
relation

L'(a)I'(b)
2.1 B(a,b) = ——=
( 5) (a’? ) F(a + b)
In particular, this gives the identity
s
2.1 B(a,1—a)=T(a)I'(1 —a) = .
(2.16) (0.1~ ) =F(@r(1 - a) = 27

More properties, as well as analytic information about the gamma and beta func-
tions can be found at [Il, 5], @}, 22].

3. The method of brackets

This section presents the main steps in the application of the method of brackets.
This is a technique used to compute definite integrals over the half line [0, c0), with
relatively few computations. The primary object in this method is the so-called bracket
series, which is produced and evaluated according to a small number of rules, initially
derived in a heuristic manner, some of which are placed on solid ground [4]. A complete
analysis of this method has been given in [10]

The key idea is the assignment of the formal symbol

(3.1) (a) = /Ooo 2 dx,

called the bracket associated to the divergent integral on the right. The expansion
of the integrand as a power series will be combined with the use of this symbol to
construct the previously mentioned bracket series.

An important notation while operating with brackets is the use of the symbol

(="
I'(n+1)’
called the indicator of n. The symbol ¢;, i,....i., denotes the product ¢;, ¢, - - @;...
The evaluation of the iintegral

(3.3) 1(f) = /O " fw) d,

by the method of brackets consists of the application of a small number of rules. These
are of two types: production and evaluation of a bracket series (see [3] for details).
First we present the rules for the production of brackets.
Rule P;. Assume f has the expansion
oo
(3.4) f@) = 3 nanatmtoL,
n=0

Then I(f) is assigned the bracket series

(3.5) I(f) =) ¢nan{on + B).

n=0



THE INTEGRALS IN GRADSHTEYN AND RYZHIK. PART 34 113

Rule P,. For a € R, the multinomial power (a3 + az + -+ + a,)® is assigned the
r-dimensional bracket series

- - 4+ 4n, —
(3'6) Z Z Z ¢n1,n27---,"ra1 C Gy <n1 F(_Oj)L a>.

n120n22>0 n.20

Rule P3. Each representation of an integral by a bracket series has associated
an index of the representation via

(3.7 index= number of sums -number of brackets.

REMARK 3.1. It is important to note that the index is attached to each specific
representation of the integral and not just to integral itself. The level of difficulty in
the analysis of the resulting bracket series increases with the index. Hence, among all
representations of an integral as a bracket series, the one with minimal index should
be chosen.

Now we introduce the rules for the evaluation of brackets.

Rule E;. Let a, b € R. The one-dimensional bracket series (3.5 is assigned the
value

[ee]
(38) > buanlan + 8) = o ' P(n),
n=0
where n* is obtained from the vanishing of the bracket; that is n* solves an +b = 0.
This is precisely the Ramanujan’s Master Theorem.
The next rule evaluates a multi-dimensional bracket series of index 0, that is, the
number of sums is equal to the number of brackets.
Rule E;. Assume the matrix A = (a;;), with a;; € R, is non-singular. Then we
have the assignment

(3.9)
Z Z Z ¢n1~~~n7-f(n17~ . .,nr)<a11n1 + . —|—a1,«nr +Cl>

n1=21na>1 ny21

cAapng F ot apeny F o) = mf(nl*, ey )0 (=ng*) - T (—n "),
where {n}} is the (unique) solution of the linear system obtained from the vanishing
of the brackets. There is no assignment if A is singular.

Rule E3. The value of a multi-dimensional bracket series of positive index is
obtained by computing all the contributions of maximal rank by Rule F,. These
contributions to the integral appear as series in the free parameters. Series converging
in a common region are added and divergent series are discarded. Any series producing
a non-real contribution is also discarded. There is no assignment to a bracket series
of negative index. If all the resulting series are discarded, then the method is nor
applicable.

The next section begins the evaluation of entries in [18].
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4. Integrals in section 6.561 from Gradshteyn and Ryzhik

Sections 6.56 — 6.58 contain entries under the title Combinations of Bessel
functions and powers. Some examples are evaluated next. Two examples from
the Subsection 6.561 are given.

4.1. Entry 6.561.14.

e ri+3v+i
(4.1) / ' J, (ax)dr = 2“05_”_1%.
0 I'(3 + v —3n)
PRrROOF. Let
(4.2) I= / x# J, (ax)dz,
0
the series representation of the Bessel function (2.2]) gives
[e%e) S (%)u—&-?n
I= zH y ————————
/O ; ¢ 'T(v+n+1)
oo © o\ v+2n 1
4.3 = . (,) _ b vt
(43) /0 nz::O on (3 T(v+n+1)
0 o v+2n 1
= n —_ 2 1 .
;qﬁ (2) F(y+n+1)<n+u+u+ )

The vanishing of the bracket gives n* = —%(1/ + p+ 1) and rule E; yields

1 ray—rt 1 v+u+1
(4.4) 1_5(5) r(”g“)r( : )

which is (4.1)). O

4.2. Entry 6.561.16.

o 1 1 —
(4.5) / K, (a)da = 20~ Lg—n1T <+g+> r <+g) .
0

PROOF. The substitution z = ax produces
(4.6) I:/ ' K, (ax)dr = af“fl/ MK, (2)dz.
0 0

The integral representation of K, in (2.6) now yields

o oo
I= a“‘_l/ zH (/ e #sht cosh(vt) dt) dz
0 0
= a_“_l/ cosh(vt) (/ z“e_ZCOShtdz> dt.
0 0

(4.7)
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The substitution s = zcosht for the interior integral then gives

[=a ! h(vt ° - dt
“ /0 o8 (V){/O (cosht) ¢ cosht}
° h(vt
:af“flf(,u#—l)/ cosh(vt)
0

cosh* T (t)
Since the integrand is even, then

a P10 (p+1) /°° cosh(vt)
2 o cosh* (1)

and the change of variables w = e! now produces

a P (u+1) [ Lw+w™)  dw
) @

(4.8)

(4.9) I= dt,

B 2 WL (w + w1t w

[e] v—1 [ee] —v—1
4.10 — op—1l,—p=1p 1 / wid / wid
(4.10) a (k+1) 0 (w1 w1yt W+ o (w+w- et

2L P (4 1) /OO W d +/OO w d
= a ———dw —————duw| .
: o (1+w?)rtt o (1+w?)rtt

Finally, the substitution z = w? gives
(4.11)

00 vtpu—1 00 —vfpu—1
xr 2 x 2
—dz —dzx

I ]

o _u_ +u+1 —v4+p+1 —v+pu+1l v+p+1
— 224+ D (u+1) | B( 2 B
sy B 2, LRENAS.

where the last two steps follow from the definition of the beta function (2.14) and its
representation in terms of the gamma function (2.15)).

I =227 (u+1)

O

5. Integrals in section 6.623 from Gradshteyn and Ryzhik

Sections 6.62 — 6.63 contains entries under the title Combinations of Bessel
functions, exponentials, and powers. Two examples are evaluated.

5.1. Entry 6.623.2.

20(28)"T(v + 3)

V(a2 + g2y i/2

Two proofs are presented. The first one is a classical one, using elementary properties

of Bessel functions. The second proof uses the method of brackets.
First we establish a result giving an integral representation of e~“*. This will be

used to give a proof of (5.1).

(5.1) I= /°° e " J,(Bx)z" do =
0
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LEMMA 5.1. Let r >0, then

2r o 2,2 1
(5.2) e =— e T? dw
VT Jo
PRrROOF. Recall the identity
5.3 i) = [ et = YT,
6.3 m-= [ =

Now, use the substitution t =y — %, to obtain

o0 r o0 1 r
I(r):/ efthdt:/ <1+2) e_f(y_%)z dy
0 1 Y
_1 1 -

(5.4)

The change of variables t = % gives

o 1
o / e E gy = / 5 gy,
1Y o

and (5.4]) becomes
1 . 2 [e%s} . 2 '] . 5
(5.6)  I(r)= / e 503) gy +/ e 5(3) ay = / e 33" gy,
0 1 0
Finally, the substitution y = v/2rw yields
(5.7) I(ry=v 27‘/ e e dw,
0
which using (5.3]) produces the desired result.

PROOF. (of entry 6.623.2). Start with the slightly different integral

oo

(5.8) I(a)z/ e~ J,(Bx) ¥ dx.
0

Lemma, [5.1] yields

~ ® ax [ 2_ 1
I« :/ (/ e~ (@)~ 5z dt> Ju(Bx)x” dx
W= (%% (5)

* 2a -1 * —(owr:t)2 v+1
= — e a2 e Jy(ﬁx)x dx dt.
0 T 0

(5.9)
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The integral with respect to  can be evaluated using entry 6.631.4 (see (6.1]) for the
proof). Therefore

32
~ Ve  1a2t2
I(a) = 2 e e pre wmr dt
N (2a22)7 1

2a8" >, _ﬁ(1+ﬁ)
= [ e TV gt
V(202 / ‘

__ap L(v+3)

= \/7?(2a2)”+1 (%(1 + %))u+%

(28)"T(v + 1)

Vet + 5L

Finally, (5.1]) follows by differentiation of I (), using its integral representation given
by (5.8) and the explicit representation found in (5.10)). Indeed, from (5.8)

(5.10)

(5.11) %(f(a)) = % </OOO e~ ], (Bx)x” dm) = /OOO e~ ], (Bx)x’ T de = 1,

while from ([5.10)

« T+ 3
(5.12) %(f(a)) —%(Qfﬂ;;ﬁ;

This completes the proof.
An evaluation of the entry above is now given using the method of brackets. This
should serve as an example illustrating the simplicity of this method.

Start with the original integral and use the standard series for the exponential
function and the Bessel function J,, given in ([2.2]). Then

(5.13) I = /ooe_mJ,,(Bm)x”de
0
oo (71)m(§)u+2m tom y
/ [2 o HmZ_m!F(vme)xH o de

oo 0 00 (ﬁ)y+2m
/ Z Z " p2vhnt2mil g
n, m y T+ m+ )

n=0m=0

ZZ¢ M(n+2m+2u+2>
"MT(w+m+1)

n=0m=0

This is a 2-dimensional bracket series of index one (one bracket and two sums). Then
according to rule F3 we must consider the two contributions coming from taking,
separately, n and m as free parameters:
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n as a free parameter. In this case m* = —v — 1 — 7 and the coefficient of m is

a = 2, so the contribution to the value of the integral is

ﬁ —v—n—2 v

Note that due to the appearance of I'(—%) in the denominator, only the odd indexes
contribute to the sum. Therefore

1 o a2n+1<g)—u—2n—3 F(u—l—n—&-%)
11:§Z¢2n+1 F(—n—l)
(5.15) A oo L3
_ 22 N (m1)PH 22(F)* (v At 5)
Bt L= (2n+1)! I(—n—1)

This expression can be simplified using the identities

1~ @24 1)
I'(—n— %) N 22t

(5.16)

and the relation of the Pochammer symbol with the gamma function
517 Ptntd) =T +3) (+),

The last two identities imply that, for |a| < |A],

27Hlal (v+32) & " 3 a\*"
I = 3 Z 3
VT BT 2 n \ B

n=0
(518) _ 2u+1ar (V + 5) (1 N 042>_V_g
NEZE 7
~ 2a(28)"T(v + %)
- V(e + s
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m as a free parameter. In this case n* = —2v — 2m — 2 and a = 1. Then, the
contribution to the integral, for |5] < |a], is

7 i ¢ a—21/ 2m— 2(5)y+2m F(2V + 2m + 2)
B m Fv+m—+1)
v q2v+2 = " Tw+m+1) \2a

v+1 v 0 2m
:\%Zaﬁm 1/+m+3/2)<5)

_2V+1ﬂVFV+3/2 o B 2m
i 2 (3), ()

v+1 v
2+ 3 D(v + 3/2) (1+ >

a21/+2

I

(5.19)

~ 2a(20)"T(v +3
= s T

Finally, since both contributions yield the same result (I; = I3), rule E5 states that
the integral is given by this common value. This concludes the proof of ([5.1)). O

6. Entry 6.631

This section uses the method of brackets to evaluate an integral containing the
gaussian function (quadratic exponential) and a Bessel J,, term.

6.1. Entry 6.631.4.

2
pre e

(61) 1= /O e_aa:QJV(BiE)ZEVJ’_l dr = W

PROOF. The first proof is in classical style. The series representation of the Bessel

function ([2.2) gives

ot oo (_1 n(ﬁ)u+2n bon i
I= / Zln'f‘u—kn—l—l) v de
(6.2) " 5
:/ o—ai? Z l( D (g) e x2u+2n+1] do
= n!T(v+n+1) ’
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Using the substitution x = (i)lﬂ, this becomes
1 oo —1)" Byv+2n o)
j=ly _CUG) | eeta
2 = nll(v+n+1artvtt [,

w (L1 g v+2n
(6:3) :%Z n!aSJr”)“

n=0

grets
" Gy
which is the desired result.

On the other hand, to evaluate this integral using the method of brackets, start
with (6.2) and use the series expansion of the exponential to obtain a bracket series

as follows:
= ml — n!T'(v+n+1)
(6 4) — /oo i i ¢ m(B)U+ " x2n+2m+2u+1 dl’
. n=0m=0 nm v+n+t 1)
m ,5)V+2n

:Z; ¢nmm(2n+2m+2y+2>.

This is a 2-dimensional bracket series of index one. According to rule Fs we consider
the two contributions coming from considering n and m as free parameters.

First take m as the free parameter. Then n* = —v —m — 1 and a = 2, and
according to rule E7 the contribution in this case is

m 2) v—2m— 2F(V+m+1)
(6.5) Zd)m E

which diverges due to the appearance of the term I'(—m). Therefore this is discarded.
Now, when n as the free parameter, m* = —v —n — 1 and a = 2. Thus the
contribution of this case is given by

D e A CRERS)
2= Plv+n+1)

2
Breia

" T

This completes the proof. O



THE INTEGRALS IN GRADSHTEYN AND RYZHIK. PART 34 121

7. Section 6.512

This section contains 10 entries where the integrand is a product of Bessel func-
tions. One of them, entry 6.512.1 has been evaluated in [19] in order to illustrate
methods of automatic computation. In this section the method of brackets is used to
evaluate half of the entries in this section.

7.1. Entry 6.512.1.

00 b r (,u+;+1) pt+r+1l v—p+1 b2
1 — F 2 2 i
(1) /0 Tulaz)dbe)de = o T(v+ 1) (E=2E)? 1< a2)

v+1
for a, b > 0 and b < a. For a < b, the positions of u, v and a, b should be reversed.

PROOF. Denote the integral by I and assume b < a. Using the power series of
the Bessel function gives the representation of I as an index 1 bracket series

a?mrep2naty (9p) 4 9y 4 pt v+ 1
(7.2) 1= $rom—0 (2n + 2n2 + 1 ).
22mA2netptv Dy +nqg + DI(w +ng + 1)

ni,n2

The evaluation of this series, using Rule Fs5, is now divided into two cases, according
to which index is chosen as the free one.

Case 1: nj is a free index. The vanishing of the bracket gives ny = —n; — %u —
%V - % Rule E3 now gives
at (—1)"1 F(m 4 %N + %l/ 4 %) a2\ ™
(7.3) L = 1 Z | 1 1_ 1 2
b iz ni: F(Tll +,LL+].)F(§V+§*§M*TL1) b

The gamma factors are now converted to Pochhammer symbols using
(=™
(1—2)m

(7.4) Mz +m)=T(z)(x),, and (x)_, for x € R and m € N.

This produces

(7.5) I =

T T(p+ 1T (V-HT_H)

oo T S (U, (8, iy

nl'(ﬂ+ 1)“1 bfz

ny =0
Since b < a, the series diverges and it does not contribute to the value of the integral.

Case 2: ng is a free index. The vanishing of the brackets gives
n} =—ny — 2(p+v+1). Rule E3 now gives the integral as

— (—1)m I'(—n7) 2T 42
76 I = n1+ub n2+u.
(7.6) 2= D na! T(u+n+O0(v+ns+1)

na =0

Now replace the value of n] and use the identities

(7.7) I(—nj) = Te+3p+v+1)=(3+v+1), T(FE+v+1)
TC(p+ni+1) = T(3(p—v+1)—ny) = (-1)"/T(=45)
Flv+ne+1) = Tw+ 1w+ 1),

in (7.7) to obtain the expression (|7.1)). O
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7.2. Entry 6.512.2. Let

(7.8) I= / Jytk(at)J,—p—1(0t) dt.
0

Then

B 5ufkflr(y) v —k 52 )
(79) 1= a”_kklr(l/—k’)2F1 vk |2 1f0<ﬂ<0[
and the special cases

1
1 I=(-1)"— if =

(7.10) (-1) 5 0<fB=a
and
(7.11) I=0 if O0<a<p.

PROOF. In order to apply the method of brackets, expand both Bessel functions
in series to obtain

00 2n1+v+k 2ngo+v—k—1
(a/2)*" (B/2)%" 2n1+2 -
7.12 I= 2 t2na2v=1 gq
(7.12) /0 Z ¢1’2F(n1+u+k+l)F(n2+u—k)

ni,n2
Integrating converts this into a bracket series of index 1:

_ (a/2)2n1+u+k(6/2)2n2+l/—k—1
(7.13) I=>. ¢172I‘(n1 frv+k+1)T(ng+v—k)

<27’L]_ + 2’[’1,2 + 2V>

ni,n2

This is now expressed as a single series by choosing a free parameter.

ng is free. Using Rule Ey with n] = —v — ng gives
v—k—1 X —1)n2 T 2\ "2
1y 1=y U Chal) 5
2av—k (T(ne +1) Dk +1—n2)(ng +v—k) \o?
ng =

Case 1: 0 < 8 < a. Then the series converges. In order to simplify this expression,
use I'(u 4+ 1) = ul'(u) and (&« — m),;, = (—=1)"(1 — @), to prove the relation
I'(a)
(=11 —a)n’
Now use this to simplify the term T'(k + 1 — n2) in (the only gamma factor

where the index no appears with a negative sign). This gives the result (7.9)), for the
case 0 < B < a.

Case 2: 0 < a = . Then (7.14) becomes

(7.15) INa—n)=

1E (e P + na)
(7.16) L= a Tg::o T(ne+1)T(k+1—ng)T(ng +v—Fk)

The term 1/T'(k 4+ 1 — ny) vanishes for ny > k and expression I reduces to

1l (Dm T (v + o)
(7.17) L= En;r(nz +1)T(k+1 —ng)I‘(TZ +v—k)
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Using ([7.4)) the desired result is seen to be equivalent to the identity

(7.18) zk: ( F ) )y (1 = V) oy = k!

n
na—=0 \ 2

PROOF. Assume X, be a gamma distributed random variable with parameter v.
Then
(7.19) E[X") = ().

Recall that the sum of independent gamma distributed random variables is again
gamma distributed and the corresponding parameters are added; that is, if X; ~ I'(v;)
are independent, then X + X ~ I'(vq + 13).

Now
Mk Mk

2 Wl = )pep = E[XP|E[XF-"

(7.20) S () = 3 ()bt
= [ X, +Xi_ V)]
= E[X(1)"
= (L
= K,

and the proof is complete.

7.3. Entry 6.512.3.

- gt/ a” for 5 < «
(7.21) / Jy(ax)d,—1(Bx) dx = % for 8=«
0 0 for B > a.

PRrROOF. Using the power series of the Bessel function, it follows that

(7.22) /OO Jy(ax)J,_1(fz)dx

/ Z 1)n1 (ax)2"1+’/ i (_1)n2 ﬂl’ 2n2+1/71d
—— | = x
nl'F (np+v+1) = na!l(ne +v) \ 2
_ Z (_1)m +n2a2n1 +Uﬂ2n2+”_1 /oo xQ(n1+n2+V)—1dx
o Mln2!l(ng + v)l'(ny +v + 1)22(natnatv)—1
ni,n2=
oo
(_1)n1+n2a2n1+u62n2+u71
= 2
Z n1!na!T(ng 4+ v)I(ny + v + 1)22(mtnz+v) =1 (2(m 42 +v))

n17n2:O

This is a bracket series of index is 1. In its evaluation we use rule Ejs:
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ni; is a free parameter: The corresponding equation is 2ny, = —2v — 2n; with
determinant 2. Therefore, the contribution with nq free is

1)n1 a2n1+v
Z 52n1+"+1 n1 + U)F( )F(m + 1) '

7’7,10

This series vanishes identically in view of the presence of I'(—nq).

ng is a free parameter: The corresponding equation is now 2n; = —2v —2nsy, with
determinant 2. As in the previous case, the contribution of ns free is

n2 ﬁ 2ns+v
(7.23) L= 62 n2+ 1_n2>(a> |

The presence of I'(1 — ng) shows that every term, except ng = 0, vanishes. This
confirms the evaluation.

O

7.4. Entry 6.512.9.
1 v?
(7.24) Koale b:c)dfo—bln 1+a—2 , a>0,b>0.

PROOF. The creation of a bracket series for this problem starts with the integral
representation

(7.25) Ko(z) = /0 h (tg(jf;)/z dt

discussed in [13]. Therefore

(7.26) I= / / ‘ij;ait | (bz)dtdz

Now use the Taylor series for cos(axt) and Ji(bz) and rule P to expand (t? + 1)
into a bracket series. two sums and a bracket. The value of the integral is therefore
given by

(7.27)

—1/2

B a2n1 (b/2)n2+1
I= 3 emug, >'r<n2+2> T(1/2)

ni,m2,m3,Mn4

This is a bracket series representation of index 1. The value of the integral is now
obtained by taking each of the four indices free, one at the time.

n1 is a free index. The vanishing of the brackets leads to the system of equations

O 1 1 no —1/2
(7.28) 2 0 0 ng| =\|-2n —2
0 2 0 i —2n; —1

with a matrix A of determinant 4 and solutions

(729) ng=-n;1—1, ng=-n;— %; Nng =Mni.
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Therefore the contribution of the free index n; to the value of the integral is

L (21" P + DI + I (m) aPrepn?
"1 T2 + )T (—ny +1)  /m2—2m-1°

(2n)V/7

22n l

(7.30)

7l10

Using the identity I'(n + %) = , the series above can be written as

SO8

The first term diverges, so this contribution is discarded.

o0

(7.31) _ ,i

nl—

ny is a free index. Now the solution to the corresponding linear system is
(7.32) ny=—ng — 1, 713:712-’-%, ng = —ny — 1.

Using elementary properties of the gamma function the corresponding series converges
for b < a and it reduces to

(7.33) Qz%i n2+1 (b2>

This series can be summed to obtain

b2
.34 I —l 14+ — ).
(7.34) 2= o5 0g< +a2)

n3 is a free index. The solutions are now

1 1 1
(735) niq :—n3—§, ngzng—i, n4=—n3—§.

The standard procedure gives as contribution a series where every terms containing
the vanishing factor 1/T'(—2n3). Therefore I3 = 0.

nyg is a free index. In the final case, the computation is similar to the case when
n1 is a free index, leading to no contribution.

This completes the proof. O

7.5. Entry 6.512.10.

e 1 b2
7.36 K L(br)der=—=In(1—-— 0,b>0.
( ) /0 o(ax) I (bx) dx 2bn< a2)7 a>0,b>

PROOF. Denote the integral by I and use the representations
°° cos(axt)

7.37 Ko(ax) = —_—
(7.37) oar) = [ 2D
and

o0

1 A
o ne0 = 3 s (7)

ny=



126 POLYMATH GROUP, SUMMER 2023

and using them in the integral I. The usual procedure for the representation of this
integral as a bracket series (following similar steps as the ones described in the previous
example) yields

(7.39)

b L(np+1) (1™ .
I=— : 2n1+2n2+2) (2nz+2 1 5
7 2 PTGy Ty g ) 2 2) (nat 2na 1) (na k)

n1,Mn2,Nn3,MN4

This is a bracket series of index 1. The evaluation is obtained by treating each index
as a free one.

n1 is a free index. The usual linear system has a matrix of determinant 4 and
gives the solutions

(7.40) ng = —nq — 1, n3:n1+%, ng = —ng — 1.

Therefore, the contribution of this index to the value of the integral I is

—n1 — ) + D (=n1)  p*™

b > T'(—n
7.41 I, = .
(741) ' 8a2y nzzo I'(—2n; — 1)T'(ny +2) 22mg2m

Using the duplication formula for the gamma function
1
(7.42) I'(2u) = ﬁ22“*1r(u)r(u +1)

gives the simplified form

(7.43) I_LSO# ﬁ "
' 1™ 942 (n1+1) \a?
TL1=0
and this series can be summed to produce

(7.44) Le—tig(1-¥
’ T a? )’

ny is a free index. The corresponding linear system has a matrix of determinant
4 and solutions

(7.45) ny=—ng —1, 77/3:712—%, N4 = No.
Therefore the contribution to the integral is
I & (—1)m
7.46) I, = X
(7.46) I 8/ MXZ:O no!
F(ng + 1) (_1)—n2—1 a2n2b—2—2n2

I'(1 r DI (—ny)————.
T+ ) T(omg 1) O I ) mm) T

The term corresponding to ny = 0 diverges. Therefore this series does not contribute
to the integral.

n3 is a free index. In this case the case the contribution is seen to be a series with
I'(—2n3) in the denominator. This series vanishes, so Is = 0.

nyg is a free index. In this case the case the contribution is seen to be a series with
I'(—ny4) in the numerator. This series diverges, so it is discarded.
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In summary, only n; as a free index gives a contribution to the integral. The final
result is

1 b?
as claimed in (7.36). The evaluation is complete. O
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