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ABSTRACT. The method of brackets was created for the evaluation of definite
integrals appearing in the resolution of Feynman diagrams. This method consists
of a small number of heuristic rules and it is quite easy to apply. The first of these
is Ramanujan’s Master Theorem, one of his favorite tools to evaluate integrals.
The current work illustrates its applicability by evaluating a variety of entries
from the classical table of integrals by I. S. Gradshteyn and I. M. Ryzhik.

1. Introduction

The problem of providing a closed-form expression for a definite integral has been
studied by a variety of methods. The corresponding problem for indefinite integrals
has been solved, for a large class of integrands, by the methods developed by Risch
[20, 21, 22]. The reader will find in [7] a modern description of these ideas and in
[26] an interesting overwiew of techniques for integration.

The lack of a universal algorithm for the evaluation of definite integrals has created
a collection of results saved in the form of Tables of Integrals. The volume created by
I. S. Gradshteyn and I. M. Ryzhik [14], currently in its 7th edition, is widely used by
the scientific community. Others include [5, 8, 9, 19]. The use of symbolic languages,
such as Mathematica or Maple, for this task usually contains a database search as a
preprocessing of the algorithms. The question of reliability of these tables is essential.

The method of brackets employed here was developed by one of the authors in
[12, 13] in the context of evaluations of definite integrals obtained from the Schwinger
parametrization of Feynman diagrams. The method is closely related to the so-called
negative dimensional integration method developed by I. G. Halliday and R. M. Ricotta
[15] and A. T. Suzuki et al. [23, 24, 25]. The reader will find a nice collection of
examples in [3, 4]. The use of this method in the general framework of definite
integrals has appeared in [10, 11]. In the present work, the flexibility of the method
of brackets is illustrated with the evaluation of a selected list of examples from [14].
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With just a few rules, the method can easily be automated. Code has been
produced in [17] using Sage with calls to Mathematica. Testing this implementation
against [14] has suggested adjustments to the original set of rules in the method. This
modified set of rules is presented here.

The main rule of the method of brackets corresponds to one of Ramanujan’s
favorite method to evaluate integrals of the form fooo dwzv~1f(z). This is the so-
called Ramanujan’s Master Theorem. It states that if f(x) admits a series expansion
of the form

(1.1) fl) =Y e(n)
n=0

(=2)"
!

n

in a neighborhood of = 0, with f(0) = ¢(0) # 0, then

(1.2) /000 2V f(x) de =T (v)e(—v).

The integral is the Mellin transform of f(x) and the term ¢(—v) requires an extension
of the function ¢, initially defined only for ¥ € N. Details on the natural unique
extension of ¢ are given in [1]. Observe that, for ¥ > 0, the condition ¢(0) # 0
guarantees the convergence of the integral near x = 0. The proof of Ramanujan’s
Master Theorem and the precise conditions for its application appear in Hardy [16].
The reader will find in [1] many other examples.

2. The method of brackets

This is a method that evaluates definite integrals over the half line [0, o). The
application of the method consists of small number of rules, deduced in heuristic form,
some of which are placed on solid ground [1].

For a € R, the symbol

(2.1) (a) n—>/ 2z
0
is the bracket associated to the (divergent) integral on the right. The symbol

(=D"

(2.2) b = m

is called the indicator associated to the index n. The notation ¢;,;,...;., or simply
¢12...r, denotes the product ¢;, ¢4, -+ @i,

Rules for the production of bracket series

Rule P;. Power series appearing in the integrand are converted into bracket series
by the procedure

o0

(2.3) Z anz®" AT Z an{an + f).

n=0 n=0
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Rule P2. For a € C, the multinomial power (a1 + as + -+ + a,)* is assigned the
r-dimension bracket series

na ne{—at+ni+- 40y
(2.4) Z Z Z Ony ng on, @yt an a 7;‘1(70[) Bl

n1>0n2>0 n.=>0

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

(2.5) index = number of sums — number of brackets.

It is important to observe that the index is attached to a specific representation of the
integral and not just to integral itself. The experience obtained by the authors using
this method suggests that, among all representations of an integral as a bracket series,
the one with minimal index should be chosen.

Rules for the evaluation of a bracket series

Rule E;. The one-dimensional bracket series is assigned the value

1 * *
(2.6) > buf(n){an+1b) — mf(n JT(=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 provides a value for multi-dimensional bracket series of index 0,
that is, the number of sums is equal to the number of brackets.

Rule E;. Assuming the matrix A = (a;;) is non-singular, then the assignment is

> bnen f(n, - ne){anng ot ane o) - (gana et apne o)

ny 20 n,=0

1 * * * *

= mf(nu ~omp)I(=ni) - T(=ny)
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 E5. 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.

The next sections offer a variety of examples that illustrate these rules.

3. Examples of index 0

This section contains some integrals from [14] that lead to bracket series of index 0.
The evaluation of these entries by the method of brackets illustrate the rules described
in the previous section.
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Example 3.1. Entry 3.310 states the elementary result

(3.1) I:/ e *dr=1.
0

The method of brackets begins with the integral representation

(3.2) =Y (_“’;)!

n

ni

ni =0
with its corresponding bracket series

(3.3) > ﬂml +1)= > ¢n, (1 +1),

nq!
n1=0 1 n1=0

and the associated function f(n;) = 1. Therefore, this problem produces one sum and

a single bracket giving a sum of index 0. The vanishing of the brackets gives nj = —1.
Rule E; gives the integral as
(3.4) I=T(n})=T1)=1.

Example 3.2. The integrand now involves the Bessel function

) we) = (5) et (3)

n=0

The bracket series corresponding to the integral

(o)
(3.6) I= / Jy (bx) dx
0
is
b\" 1 b2
3.7 S=|= = —(2 1).
(3.7) <2> Z¢1r(y+1+n1)4m<”1+”+ )
n=0

This bracket series also has index 0: one sum and one bracket. The vanishing of this
bracket yields n] = —%(1 + v). Therefore the integral is assigned the value

1/b\" b2

I = -|= - I'(—nj
2 (2) T irm)

1/b\" bl
Z(Z2) ———  p(ut
2 <2) 271V (%) )

S| =

This agrees with entry 6.511.1 in [14].
Example 3.2. Entry 6.521.11 gives the identity

e 2
(3.8) 1 :/0 22Ky (ax) dx = e
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for a > 0. The integrand now involves the modified Bessel function of the second kind.
Use of the integral representation

(3.9) K,(z) = 2T (V(+)2) /OOO (cos(xt) dt

T % t2—|—1)”+%

produces the double integral

3.10 I= T Kl CLZL’ dl‘ = C S xt dtdl’
( )
0 t2—|—1

The cos(axt) factor is written as a series in 14

(3.11) cos(axt) = Z I‘(Il‘(j)nl) <_a2xt)

ni =0
and Rule P, assigns to the factor (124 1)~% the bracket series
+n2+n
(3.12) DD buyngt™1m0 2 (3 - (gHnetms)
ng>0mn3>0 ( 2 )
The final step in producing the bracket series is to replace 217272 with (142n; +2n3)
and 72" with (2 4 2n1). The bracket series

21 2n1a—1+2n1

(3.13) Z Z Z $r23—— T+ ) (24 2n1) (1 + 2nq + 2n2)(3 + ny + ng)

n120n2>0n3>0
is of index 0.

The linear system constructed from the vanishing of the brackets is

2 0 0 s —2
(3.14) 2 2 0 ne | =1 -1
01 1) \ng -3
with the matrix A having rank 3 and determinant 4. The solution of the system gives
ny =—-1,n5= %, and nj = —2. The value of the integral by Rule Ej5 is
1 2172nza71+2n’1‘
I = -|———— | T(—n))T(—n3)'(—n}
4< e ) (=)D (=n3)L(~n5)
1{ 2373
= 2 LT (-3)T(2)
1 2
4 <F (2))
2
= 57

verifying (3.8).
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4. Examples of index 1
This section considers integrals that lead to representations of index 1.

Example 4.1 The first example provides an evaluation of the elementary entry
3.311.1 in [14]:

(4.1) / dr__ 2
0

ePr +1 P
The method of brackets will reduce the problem to a triple series and two brackets
leading to a representation of index 1. Rule E3 reduces the number of sums by two
and the answer is expressed as a single series. The remaining series is elementary and
is recognized as In 2.

The first step is to replace the integrand by its brackets series:

Z Z ¢12 epw n11n2<1+n1 +n2 Z Z (blzenlpz 1+n1+n2>

n1=20n2>0 n1=20n2>0

The power series representation of the exponential is now employed to produce

SN 1o Zm (L+n1+mng) =

n120n2>0 n3 >0
> raa(=na)"p ™" (1 +n1 + ny).
ny,n2,n3 20
This form of integrand produces the bracket series
(42) I = Z ¢17273(—n1)"3p”3<1 +n1 + Tl2> <TL3 + 1>
ni,n2,n320

for the integral.
There are now three sums and two brackets, giving a representation of index 1.
The matrix equation associated to the vanishing of the brackets

w G )(E)-0)

has rank 2. It follows that the problem has 1 free parameter. Observe that the
equation coming from the vanishing of the bracket (ns + 1) determines nj = —1. The
system has reduced to the single equation n; + ns = —1. The choices of free indices
are ny and ny and their contributions to the integral are described next.

Case 1: n, is free. The relation among the indices yields n3 = —n; — 1 and the
corresponding determinant is —1. The contribution of this index to the integral is

. _1\n1+1
(1.9 > oy ST () = Y S0
>0 mzo P

The term n; = 0 yields the series divergent, so its contribution to the integral is
discarded.
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Case 2: ng is free. Then n] = —ng — 1 with determinant —1. The contribution of
this index to the integral is given by

1 « (—1)"=
4.5 E 7—*”?{‘—*1‘—*:27.
( ) - ¢2| 71|( nlp> ( nl) ( ’I’L3) (n2+1)p
n220 n220
Adding all the finite contributions of free indices gives the evaluation
< dx (=1)m=
4.6 / — = E —_
(46) o e+l = (n2+1)p

In order to present the integral in its simplest possible form, it is now required to
identify this series. In this case this is elementary: the result is

=0 ng+1lp p

Thus,

* d In2
(4.8) / 22
o er+1  p

as stated in [14].

Example 4.2. This example illustrates the fact that the method of brackets gives, as
the value of a definite integral, a finite number of series. The question of reduction of
these series to its simplest form is a separate issue. As of now, there is no algorithmic
solution to this question.

Entry 3.452.1 states that

*  xdx

0 ve“‘—l

The brackets series for the integral is obtained as before, with the result

(4.10) = ¥ ¢1,2,3%<—1>"2+”3 (ng +2)(n1 +ny + 1).

ni,n2.n3

(4.9) I= =2m1n2.

This is a representation of index 1 (three sums and two brackets).
The vanishing of the brackets shows that ng is fixed: n§ = —2 and the relation
ny +ne + % = 0 must hold. Therefore the integral is given in terms of a single series.

Case 1: if n; is free, then ny = —n; — % and the corresponding series is

> omy4s/2 L(ni+1/2
(4.11) Sy = 3 (~1)2mt/ \/7?(vﬁlFJ(r7”n/+)1)

This series is discarded due to the presence of the singular term at n, = 0.

n1:O

Case 2: if ny is free, then nj = —ng — % and the corresponding series is

i 4T (ng +1/2)

(4.12) 52 = (2ngy + 1)2 /al(ng + 1)

na =0
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The duplication formula for the gamma function

(2m)!

reduces the series to

o (2ng) 272
. -3 (W)aerr

’IL2:0

The method of brackets now yields
_wdr dx 219 2—2n2
4.15 —_—.
( ) / Z(m) (2n9 + 1)2

To evaluate the series start with

>~ [2m 1
4.16 " = —,
( ) 7nz::0 ( m ) V1—dx
replace = by 2% and integrate from 0 to 1/2 to produce (after simplifications)
= ™) ! Arcsin
4.17 ——me_o7im o [ T g
(4.17) nzZ:(] (2m + 1) /0 u b

Finally, integrate by parts to obtain

(4.18) > ((m)Q

w/2
272m — —/ Insiny dy.
— (2m + 1) 0

Euler showed that this last integral evaluates to —3 In2. Details of this elementary
evaluation can be found in Section 12.5 of [6]. Formula (4.9) has been verified.

Example 4.3. Entry 6.554.1 gives the evaluation

(4.19) /0 xJo(zy) (552_:122)3/2 =g le— W

for y > 0 and a € C with Rea > 0. Here Jj is the Bessel function
o0 2k

(4.20) Jo(z) = Z(_nkﬁ.
k=0

The bracket representations of the terms in the integrand are

< +n1 + n2>
(4.21) (@ +22)732= 3" " ppa®ma? it —— =~
ni1=20n2>0 r (2)
and
1
4.22 e —————————— 2ns
( ) JU :ry Z ¢ 3 92n3 F(l +n3 )(wy)

n320
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Therefore the integral is assigned the bracket series
e dx
2'(7.3 a2n1

Y
Z Z Z ¢1’2’322”3F(1+n3)I‘(%)<%+n1 + n2) (2n2 + 2n3 + 2).

n120n220n320

This is a representation of index +1.

Case 1: n, free. The linear system from the vanishing of brackets is

(4.24) G g) <Z§> - <—n12— ‘3)

with determinant 2 and solutions ny = —n; — % and nj = n; + % The contribution
to the integral is given by

So= >

(71)711272n171a2n1y2n1+1r(7n1 _ %)

Vrl(ni+1)

71120
— i (ay)*™
n1=0 (2”1 + 1)'
_ sinh ay
= —

Case 2: ny free. Proceeding as before it is found that this case leads to a divergent
series so its contribution is ignored.

Case 3: ng free. As in Case 1, the system has determinant —2 with solutions nj =

ng — % and ny = —ngz — % The contribution to the integral is
PR o b R
3 = 5
o V7223 T (ng + 1)
_ coshay
= —

Summing the finite contributions by Rule E3 gives

(4.25) /oomj(x)diw—s 4o =
. ) o\ryY (mz+a2)3/2_ 1 3T T,

as stated.

Example 4.4. Entry 6.512.1 provides the value for the integral

(4.26) /00 Ju(ax)d, (bx) dx.

The answer in [14] is divided according to conditions on the parameters.
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The integral is provided a brackets series by the usual method:

- o (& (@)"
/0 Ju(ax)d, (bzx) dx :/0 (%) Z TS

ny= =0 ’I'Ll nl
(bz)?\ ™
%) < ( 1 )
2
dx
F(V ngZ:O V + 1)n2 n2
is given by the series
akb” 2n1 b2n2

- 2ny+2 1).
2”+VF(ILL —+ 1)F( Z ¢12 92n1+42n2 (,[L 4 1)711 (l/ ¥ 1) < n1+2ne+pu+rv+ >

nl,”z:
This is a representation of index 1.

Case 1: ny free. Then n} = —%(2712 + 1+ v+ 1) and the contribution to the integral
is

atb” b2 1 ra\271 T(—n?)
S1= 200D+ DO + 1) Z¢2(u+1) 22n2 (2 (5) (u+1)n;>

B ba vt (=) (p2\™ T (2 +ny)  D(p+1)
- Te+DI(+1) 2 (a?) ORI T (EEr _py)

’I‘L2>O

na
CINCN

ng! v+ 1n, (%M)

T (g
I'v+1)

(]

n2 20 —no r (M+57V) .

Simplifying the Pochhammer with negative index using

(="

(4~27) (a)—n = m
gives
2\ 2 v _
Sl _ Wa—v-1T (u+;+1) (_Ziz> (H+2+1)n2 (1 M 2+1)n2
F(V + 1)F (MJr;*V) n22>0 HQ!(V + 1)”2(_1)n2
pair (e (L (B)7 ), ()
T(v+ 1T (=Y =, nal(v 4 1),,
_ s i 11“(" g 1)2F1 /z+;+1’y—g+1 i
T(v+ 1) (£572) v+1 a2 )’

The series converges provided |b] < |a].

Case 2: ns free. The calculation is done as in Case 1. The result is the formula in
Case 1, with p and v interchanged and a and b interchanged.
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Example 4.5. Entry 3.423.1 is

(4.28) | G =T - - o

The method of brackets provides a direct evaluation. The bracket series corre-
sponding to the integral is

o v~ ldx
/ G 2 2 2 s ng ) (m + £ 2)
0 n130n2>0n3>0

This is a representation of index 1 and n3 = —v is determined. Choosing n; as free
parameter gives the series

S~ CU Tl 210

= n¥T'(ny +1)

The term n; = 0 makes the series diverge, so its contribution is ignored.

The choice of no as a free parameter gives the series

(4.29) 3 (LU £9T0) _ 3~ (24 DT),

(7712 — 2)” F(TLQ + 1) (TLQ —+ 2)”

na 20 no 20

The answer is obtained by writing no + 1 = (n2 +2) — 1.

5. Examples of index 2

This section considers integrals that lead to representations of index 2.

Example 5.1. Entry 7.414.9 provides the value

(5.1) /00o e~z L8 (1)L (2) dz = (—=1)™ " (a + b)! <“ + m) <b + ”) ,

n m

with Rea + b > —1. Here L) (z) is the associated Laguerre polynomial:
?)

(=12t (—n + ng)L(—m +n2)L(b+n+ Dl(a+m + 1)
Z Z Z P1.2.3 I'(n+ 1)D(m+ )T+ n3 + 1)I(a+ ng + 1)I'(—m)['(—n)

X {a+b+mny;+mng+mn3+1).

(5.2) D) =2t gy ( N

The resulting bracket series is of index +2:

nip N2 n3

There are three choices of free/fixed variables in the solution of the linear system
coming from the vanishing of the bracket:
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Case 1: With ny and ns free, the resulting series is zero and makes no contribution:

Z (—1)atbr2ntnetin(_pm 4 po)T(b+n+ 1)(a+m+ 1)
F(ne +1)I'(ny + I(n+ 1) (m + 1)l(a +no + 1
Ta+b+n +ne+1)I(—a—b—n—ny —ng —1)
JT'(—a —ny —na)T'(—m)T'(—n)
(=) T(1 + a+ b)T(=m)T(1 +a+m)L(1+ b+ n)T(—a —m +n)
m2sin((a+ b+ n)m)IN(1+n)I(1+b—m+mn)
x sin(am) sin(mm) sin(nm) = 0.

ni,n2

Case 2: With n; and ng free, the result is the same as in Case 1.

Case 3: With nsy and ng free, the resulting series can be evaluated as follows to match
the value in the table:

Z Z —n+ ng)I‘(—m +n)l'(b+n+ 1Dl (a+m+DI'(a+b+ns+n3+1)
F (ng —|— Dl(ne + DI'(n+ 1)I'(m + 1)T'(b + n3 + 1)I'(a + ny + 1)I'(—m)I'(—n)
_Z (—m+n)T'(b+n+DI'(a+m+1)
[(ns + 1 (n+ DT'(m+ DT (a+ ne + DT (—m)T(—n)

F(— JT(a+b+ng +1)
r'b+1)

oFi(—n, 1+ a+b+no; 1 +b;1)

_Z m—l—ng Fo+n+1Ta+m+1Dl(a+b+ny+1) T(1+ 0T (—a+n—no)
Fng+DI'(n+ DI'(m+ DI (a+ne + DI (—m)I'(b+ 1) T(1 4+ b+ n)I'(—a — n2)

_F(a +m+1DI'(Q+a+0b) Z (—m)p, (1 +a+ b)p, (—7escm(a —n+ ng))
T+ 1DI(m+1) nal(—mescm(a +n2))I'(14+a—n+no)

~ Tla+m+1)I(1+a+b) Z (=m)ny (1 + a4+ b)p, (sinam)(—1)"2)
" T(n+DI(m+ 1)I(1+a—n) - nol(sinam)(—1)""*t"2(14+a — n)y,,

()" T(a+m+1DI'Q1+a+b)
= o 7 )F(m + DT+ a—n) oFi(—m,14+a+b;1+a—n;l)
_(=D)"Te+m+1D)I'(1+a+b) T'(1+a—n)I'(m—n—>b)
CTn+1D)I(m+1)I(14+a—n) T(1+a—n+m)(—n —b)

I'(a+m+1) F'b+n+1)

F'n+I'(a+m—-—n+1)T(m+1)I'b+n—m+1)

n2

=(—1)™*"T(a + b+ 1)

6. The goal is to minimize the index

In this section the last part of Rule Pj5 is illustrated. Given a specific definite
integral, it has been conjectured by the authors that the optimal solution by the
method of brackets is the one with minimal index.
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Observe that the index of an integral may be affected by the representation of the
integrand or the order of expansion into series.

Example 6.1. Entry 3.331.1 gives the evaluation of

(6.1) / BT o — By, ).

Here ~(u, ) is the incomplete gamma function defined by

(6.2) y(a,x) = /fL’ ettt dt.

0

Method 1. The integrand is associated a bracket series via

— -z — p—
e Be e HT E ¢n1 —x nle n

7L120

— Z ¢n16n1 (n1+p)x
ny1>0

= DY bl )
n1 20 n220

The final step is to produce the bracket (ns + 1) appearing from integration of x"2.
Therefore, the bracket series associated with this representation of the integral is

(6.3) / e P Ar s NN Gy, B (na + )" (ng + 1),
0 n1>0n3>0
This representation has index +1.
The vanishing of the bracket yields that ng is fixed as n5 = —1 and n; must be
free. It follows that the integral is

_ T I
n%:o% ot = A <u+1‘ﬂ>
1

Method 2. A second representation is produced as follows:

—Be * _—
e Be e HT E (bnl —x nle nx

n120
— E (bnlﬁnle—nlxe—p,x
ni1 20
— E ni § ’l’L2 n2 E ns ,.n3
- ¢7L1/6 Cbnz QSTL.;/U’ €
n1 20 n220 n3 =0

J— n: +
- E E E ¢n17n2,n35n1n 2,un3xnz nS'

n120n220n320
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The final step is now to replace the power x"2T"3 by the bracket (ns + ns + 1) to
produce

oo
60 [ s 33T b (s 4 1),
0 n1>0 1230 ng>0

This representation has index +2.
The vanishing of the brackets shows that n; is free and either ng or ng is fixed.

Case 1: n; free and nj = —ny — 1:

Sio= 303 GuimnBnu T T (ng + 1)

n120n22>0

- T ()

n120 n220
— By -1

- ¥ (1)

= pl(nn +1) I
I'(w) ( p ‘ )

= F —
e 1|

= 7w, P).

Case 2: n; free and n5 = —n3z — 1:

So = DD bnny B0 T T (g + 1)
n1>20n3=>0
_ _EAm (_u)"s
- nlzgo nil'(ny + 1) ngo n1
_ (=B)m™ 1 -1
B Zm <1+n1>
_ D'(p) o
= oy (]
= B "y(p, B).

Rule F5 would return the sum S7 4+ 5o, but this is twice the correct value. Among
these two methods for producing bracket series, the one giving the minimal index
should be chosen. This doubling phenomena has appearing in other examples where
the minimal index is not chosen. The reason behind this phenomena remains to be
elucidated.

Example 6.2. Entry 3.451.1 in [14] states that

e 4
(6.5) / ze V1 —e rdr = 5(4—3ln2).
0
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To evaluate this entry by classical methods, observe that the integral is —h'(1), where
(6.6) h(a) = / e V1 —e*dx.
0

The change of variables t = e~% gives

1
(6.7) h(a) :/O 711 — 1)/ dt = B(a, 3),
where B is the beta function. Differentiation yields
(6.8) h'(a) = h(a) [ (a) = d(a+3)],
where ¢ = I'"/T" is the polygamma function. This gives

> INEOINE
(69) se VI e do = —— D) [y ) — ().

0 '(3)
The values (1) = —v (the Euler constant) and ¢(5) = —y—2In2+ £ give the result.
To obtain this last special value use

n—1

(6.10) Y(n) =—y+ Z % and 2¢(2z) = 2In2 + ¢(z) + ¢¥(z + 3).

k=1
This last relation follows by differentiaton of the duplication formula for the gamma
function I'(2z) = 22*~ 10 (z)[(z + 3)/V/7.
The evaluation of (6.5) is now obtained by the method of brackets.
Method 1. The exponential term is replaced by

(6.11) = Z =y g™

’I’L1>0

and Rule P, is employed to produce

(6.12) m: Z Z ¢2731n2(_67m)n3<_§1j‘_n—2+n:3>'

n220n32>0 ( 1/2)

Now expand the exponential terms e~ "3* and replace the integral by the corresponding
bracket to obtain the series

ng’ 1
(613) Z Z Z Z ¢17273 4 1/2) <n1 + n4 + 2><n2 + TLg - §>
n120n220n320n420
This gives a representation of index +2.

Case 1: nqy, ng free. Then nj = —n; — 2 and nf = —ng + % The corresponding
determinant is —1 and the series becomes

—(=ng +1/2)7™72(=1)"+1/2T (ny — 1/2)T(ny + 2)
Z Z 2\/EF(’I’L2 + 1)F(n1 + 1)

ni 20 7L220

This result is purely imaginary and therefore discarded.
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Case 2: nj, n3 free. Then nj = —ny; —2 and nj = —ns + % The determinant is —1
and the series becomes

B —(=1)™nz™ 2I(ng — 1/2)(ny + 2)
52 = %;é; %ﬁTm3+nrm1+n

_ —I(ng —1/2) < (=ng)"' T'(n1 +2)

B %;2¢ﬂ1m44)§: I'(ny +1)

- —F(ng — 1/2)

B E:QV%FWB+1X1+n@2

n3
)

1,1,-1%
— F b b 2
3 2< 2,2

¥ (3) +
3
2

n1

= 5(4-3In2).
Case 3: ng, ng free. This case is similar to Case 1 so it is also discared.
Case 4: ng, ny free. This case is analog to Case 2 with value % (% —In 4).

Summing the results from Cases 2 and 4 would result in twice the correct value. This
doubling is due to the fact that the series in each of these cases converge on the
boundary.

Method 2. An alternative is to obtain the bracket series for (1—e~%*)~/2 to produce

[e%e) ') 1
B o B B —5 4+ ny + ng)
z (1 x 1/2 / T 1™ T\No < 2
/0 xe P(1—e"") dx — ; e g g 121" (—e™%) —I‘( 172) dz,

n120mn220
that can be written as

= —z\— > _ <_l +nq + na)
e z(l _e z) 1/2 do — / ¢172(71)n2x6 (14no)xz 2 T 701 T 702/ de.
/O 0 n%:o ngo F(_1/2)

The exponential term is now expanded to produce the representation

> —z —z\—1 1 n2 n3
/0 re T(1—e ") /Qdazr—>r(_71/2) Z Z Z $1,2,3(=1)"2(14n2)"*(n3+2) (n1+n27%>.

n120n220n220
This is a representation of index +1.

The value nj = —2 is determined and the indices n; and ng are free.

Case 1. ny is free. Then nj = % — ny leads to the contribution

(~1)27™ (8 —ny) 2 ,
(6.14) > b T @) ).

n120

This is discarded because it is purely imaginary.
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Case 2. ng is free. Then nj = % — ngy produces to the contribution

(6.15) 5 o0 e, - ),
no >0

Therefore, the method of brackets shows that

e} nzF(n2 1)
—T(] _ 7 71/2d _ 2
/0 ze”"(1—e") z Z ¢2 e
n >0
1>

1,1, %
— F ’ ) 9
; 2( "

Y3+
D
2

This verifies (6.5). As in the first method for this integral, the series converged on the
boundary, but it was counted only once in this evaluation using the bracket series of
index +1.

7. The evaluation of a Mellin transform

Several entries in [14] are instances of the Mellin transform
o0
(7.1) M(f) ::/ 257 f () da
0
For instance, entry 3.764.2:
o 1
(7.2) /0 aP cos(ax + b) dx = —Wf(p + 1) sin (b + ?)

is of this form with p = s — 1. The reader will find in [2] an elementary proof of this
evaluation.

The evaluation of (7.2) by the method of brackets uses the hypergeometric repre-

sentation
(ax+b)2) B i L(3) < (az+b>2>"1
4 - AZym!T(n+g) 4

cos(azx +b) = o Fy (1

2

Therefore

1
(7.3) / a2 cos(ax 4+ b) dx —/ zP Z ¢n14m2(21)+1)(aa:+b)2”1 di.
2

0

The bracket expansion

2nq + ng + ng)
4 2711 _ N2 pn3 nz <
(7.4) (az +b) E E $2,3a"%b T(—2n) ;

no = Ong 0
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gives

(7.5) / aP cos(ax 4+ b) dx =
0
Z p F(%) a™b"s
B2 T (g + 1) T(=2m)

ni,ngz,n3z=0

<—2n1 + ng + TL3><TL2 +p+ 1>.

The vanishing of the bracket (ny + p + 1) determines nj = —p — 1. There is one
sum and two possible choices for a free index.
Case 1: n; is free. Then n§ = 2n; — p — 1 and the corresponding determinant is —1.
The contribution to the integral is given by
P()anirs
S = " 2 T'(—n3)T'(—n3
1 Z ¢ 1| 1|4”1F(n I )1—\(72n1) ( 2) ( 3)

n120

— 2
= 2 ¢”1 4mT(ny + ) D(—2n4)

1 a —p—1p2n1+p+1

F'ip+ DI(=2n; —p —1).

n120
Each term 1/T"(—2n;) vanishes, it follows that S; = 0.
Case 2: ng is free. Then nj = 1(n3 — p — 1) and the contribution to the integral is
r<l> b
Sy = n 2 ST (=n)l(=n3)
Py ST+ PR
_ F@re+)2r & 5 DT (4 (—ns +p + 1))
B apt1 s 270 (3(ng —p)) T(—nz+p+1)°

n3=0

The factors in the last summand can be simplified to produce

I'(p+1) sin TP - = (=b?)F
= M| _gpnX — beos £ 77
%2 ar 2 kz:: 2k + R kzzo T(2k + 2)
r 1
= % [f sin %p cosb — bcos ?p sin b]
a
B L(p+1) . (mp
= —— gy s <? + b)
Adding all the finite contributions of free indices gives the evaluation
o0 I'(p+1) . /7p
P - _
(7.6) /0 aP cos(ax + b) dx = s ( 5 + b)

8. The introduction of a parameter

This section illustrates the evaluation of entry 3.249
o dx
(8.1) / [e™" — (14 2)7"] o= ¥(p), for Rep > 0.
0

A classical evaluation of this entry appears in [18].



EXAMPLES 19

To apply the method of brackets, consider first the integral

I(e) = /0°° exp(—z) — (1+z)™* i

xl—s

(8.2)

The result is obtained by letting € — 0. Now compute the bracket series associated
to the integrand in (8.2) to obtain

_ _Tp+n)
(8.3) 6= 3o [1 L ]<k+s>.

Therefore,

(8.4) I(e) = T(e) [1 - F(’“‘_Eq .

()
To obtain the value of (8.1), simply use the expansion

1) [1- T2 = w0 - (L2 - Lot + 9w ) £+ 0)
as e — 0.

Conclusions. The examples given here, all taken from the classical table of integrals
by I. S. Gradshteyn and I. M. Ryzhik, have been evaluated using the method of
brackets. This illustrate the great flexibility of this method. The rules for evaluation
have been partially justified via Ramanujan’s Master Theorem.
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