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Abstract We present new closed-form expressions for certain improper integrals of Mathematical Physics
such as certain Ising, Box, and Associated integrals. The techniques we employ here include (a) the Method
of Brackets and its modifications and suitable extensions to obtain the Mellin—-Barnes representation.
(b) The evaluation of the resulting Mellin—Barnes representations via the recently discovered Conic Hull
method via the automated package MBConichulls.wl. Finally, the analytic continuations of these series
solutions are then produced using the automated package 01sson.wl, based on the method of Olsson. Thus,
combining all these recent advances allows for closed-form evaluation of the hitherto unknown Bs(s), Ba(s)
and related integrals in terms of multi-variable hypergeometric functions. Along the way, we also discuss
certain complications while using the Original Method of Brackets for these evaluations and how to rectify
them. The interesting case of Cs, 1, is also studied. It is not yet fully resolved for the reasons we discuss in
this paper.

1 Introduction

The evaluation of integrals appearing in various branches of mathematics, and mathematical physics continues to
be of great importance. In many instances, one has to resort to numerical methods to evaluate them. On the other
hand, analytical methods are of great importance in their actual evaluation, and in some instances, can also be of
use to benchmark and test numerical packages as well. Of particular note are Feynman Integrals, which are the
basic building blocks of computations in the Standard Model, as well as in effective theories, and also in Beyond
the Standard Model investigations. As the needs and demands of precision increase, the number of mass scales
as well as the number of loops also increases very rapidly. Therefore, in the recent past, a new subject that goes
under the rubric of Feynman Integral Calculus has come into being, see Smirnov [1]. Furthermore, other techniques
such as Mellin-Barnes [2] and recently developed CH method [3-5] are of importance. Another technique that is
of importance based on the Ramanujan Master Formula [6] that has become popular is the Method of Brackets
[7—13]. This has been advocated as a method of evaluating Feynman integrals. However, in practice, there are
some technical obstructions to their use [14]. All the above said it is important to understand the basic features
of this method. The present work is an attempt in that direction. It must be pointed out that research of the
type reported here is of fundamental and pioneering importance and would be of consequence to the development
of numerical packages to test their stability and consistency with it. Furthermore, they also help unite disparate
subjects of mathematical physics. Such research may be considered as research at the frontier in the year 2023.
A long list of such integrals is already compiled in Gradshyteyn and Ryzik [15]. Recently there have been attempts
to provide a derivation of a large number of these integrals, specifically the improper integral with limits from 0 to
oo using the Original Method of Brackets (OMOB) [7-13]. On the other hand we would like to emphasize that the
results presented in this work are part of a long series of investigations. Part of our other investigations have been on
multi-variate hypergeometric functions which led us to develop several packages and MATHEMATICA implementation
[16-18] many of which are pioneering in their scope and ambit, as well as the potential for application to diverse
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physical problems. The present work is an illustration of this capability, in particular, of combining some of them,
rather than using them in isolation.

We turn to the study and evaluation of other improper integrals that appear in Mathematical Physics, such
as the Ising integrals and the Box integrals. We aim to express them in terms of elegant closed-form expression
or in terms of known functions of mathematical physics, especially the hypergeometric functions [19, 20]. In the
recent past, several tools have also been developed to facilitate tasks of symbolic evaluation of these integrals.
Our results here have been facilitated by the recent development of tools and advances in various theoretical
treatments. For instance, the recently proposed solution to the problem of finding the series solution of the N-
dimensional Mellin-Barnes (MB) representation [3-5], using what has been termed as the Conic Hull Mellin Barnes
(CHMB) method. This has also been automated as the MATHEMATICA package MBConichulls.wl [21, 22]. The
series representation hence obtained, in general, can be written as hypergeometric functions or their derivatives.
Independently, the issue of finding the analytic continuations (ACs) of the multivariable hypergeometric function
using the method of Olsson [16, 23], which has also been automated as a MATHEMATICA package 0lsson.wl
[17] have been addressed recently. In this work, we show how these tools together, which were primarily directed at
solving Feynman integrals, are of sufficient generality to find their use in the evaluation of the integrals considered
here.

We will consider the Ising integrals which have been studied in the Ising model [24-27] and also have been in the
context of OMOB [8]. Apart from the evaluation with these newly developed tools, we will also consider certain
complications while doing similar evaluations with the OMOB [28]. One of them is the use of regulators for the
evaluation of the Ising integrals. This arises in the case of Ising integrals C3 1 and C4 1. For the case of Cy 1,
it is further complicated due to the use of two regulators, which, when the proper limiting procedure is applied,
will give the final result. However, we point out that such a procedure is complicated and thus use the Modified
Method of Brackets (MMOB) [29] to get the MB-integral. This MB integral can then be evaluated without any
introduction of such regulators and thus provides an efficient way to deal with these integrals. Using a similar
procedure, we attempt to evaluate the elusive C5 j integral. However, we hit a roadblock for the same, as the
resulting series does not converge and would require a proper analytic continuation procedure. At present, we find
this task beyond the reach of the tools at hand, though we provide a possible way to achieve the same. Yet such
results still shed some light on the form that these integrals can be evaluated to. All the results are provided in
the ancillary MATHEMATICA file Ising.nb .

Box integrals [30-33] are another interesting integrals where such techniques can be applied to get new results.
They do carry a physical meaning in the sense that they provide the expected distance between two randomly
chosen points over the unit n-cube. We consider the two special cases of them, namely the B, (s) and the A,(s).
We use the same techniques and derive the closed form results for already known Bj(s) and Bs(s) and new
evaluation for Bs(s) and By(s) for general values of s. The results are in terms of multi-variable hypergeometric
function. These evaluations further require the use of an analytic continuation procedure which has been done
using Olsson.wl . All the results are provided in the ancillary MATHEMATICA file Box.nb . These results for
box integrals can then be further used to evaluate the Jellium potential J,,, which can be related to box integral
B, (s) [31, 34]. Finally, we give a general MB integral for B, (s), which can be used to find the closed form result
for all values of n and s using MbConicHull.wl . With all this, we find new connections between the Box integrals
and the multivariable hypergeometric functions. All our calculations rely heavily on MATHEMATICA as we try
to achieve the symbolic results for all the problems.

The paper is structured as follows: In Sect. 2 using an example given in [9], we point out the problem in the
OMOB and discuss the alternative to surpass this problem. We then, in Sect. 3, proceed to the evaluation of Ising
integrals up to n = 4 while contrasting our method with the method used before to achieve the same in [8]. In Sect.
4 we attempt to solve the Cj5 ;, integral and point out a general integral C5 (c, §) which gives Cs i as a special
case. Though we point out that it is not the final result, a proper analytic continuation procedure is required to
get C5  from it. We then evaluate box integral B,,(s) for n = 3, 4 in Sect. (5). The new results for A,(s) and J,
with the above new results are also provided. Finally, we conclude the paper with some conclusions and possible
future directions in Sect. 6. In appendix C, we provide the table for all the MATHEMATICA files that we give
and the packages required which are available in GitHub.

2 Method of brackets revisited

We will first illustrate the OMOB using a simple example of integral evaluation as given in [9]. We will first
evaluate the integral by directly using the OMOB and then describe the difficulty in applying the method directly.
We will then propose a possible resolution to carry out evaluations for such cases, and then illustrate the alternative
method to do the same.
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We consider the following integral
o0
Hi(a, b) = / Ko(az) Ko(bz) de (1)
0
The integral is introduced to facilitate the evaluation of another integral, which is given by putting a = b

= /OO KZ(ax)dx (2)
0

We can express Ko(x) using the following series expansion:

@M (-m)
Z¢"1 92n1+1 S TTES (3)

where ¢, = %

This expansion uses a divergent series, and we can express the result in the form of an integral representation

as
1 [ b2x2\ dt

Ko(br) = = B e 4

o) =3 [ e —1- ) (@)

Using the OMOB, we get:

b2n3x2n3
Z ¢n2 ng 22n3+1 <n2 7713) (5)
n2,n3
Substituting the bracket series in Eq. (1), we get
2n1 b2n3F(_n1)
Z ¢n1,n27 ns W <n2 - TL3> <2n1 + 2723 + 1> (6)

ni,n2, N3

Now, we need to solve the bracket equations, which involve 2 equations but 3 variables. Evaluating this we get
following 3 series, T;where n;is the free variable:

- Lz ercor (e d)(2)"

Using the rules of the OMOB, all the three series of Eq. (7) have to be discarded as they are divergent.

A solution to such a problem, as implemented in [9], is to regularize the singularity. This amounts to modifying
the bracket (ng — ng) — (ng — ng + €). With this modification, when n; is a free variable, one gets the series that
contains I'(—n), which is diverging and is thus discarded. While for the other cases, one gets two series with e
parameter (in the form of I'(—n + ¢) and I'(—n — €)). In these series, when the proper limiting procedure is done,
along with the condition a = b to ease the calculation, they give the result for the integral of Eq. (2). Thus, the
original integral of Eq. (1) we started with still remains elusive, as the calculation is much more involved (the
limiting procedure) within this present framework.

An alternative to the above evaluation, free from choosing the regulator and doing the tedious limiting procedure,
is to use the MB representation derived using the MMOB [29]. Using it, we get the following MB representation
for the integral given by Eq. (1)
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1 o dz 1 2
Hy(a, b) = 1 / 5 a_QZ_leZF(—z)QF(2(22 + 1)) (8)

The above MB integral can be readily evaluated in MATHEMATICA to give the following result

m Z‘—;K(l—g—j)

Hl(a> b) = 24

9)

where K (z) is the complete elliptic integral of the first kind. Thus we get the value of the original integrals, Eq.
(1) we started with.
For the special case of a = b, using K(0) = 5 we get

Hi(a,a) = H(a) = — (10)

So we see that for the simple cases, too, using the MB representation to evaluate these integrals provides an
efficient way to evaluate these integrals.

3 Ising integrals

In this section, we will analyze the integrals of the “Ising class.” Ising models are extensively used to study the
statistical nature of ferromagnets [35-37]. The model accounts for the magnetic dipole moments of the spins. The
n-dimensional integrals are denoted by C,, D,, E,, where D,, is found in the magnetic susceptibility integrals
essential to the Ising calculations.

N2
4 [ o0 Hi<j (;1+Zj ) duq du,

Dn:f' _ kel (11)
n:Jo 0 (ZJ

i1 (ug +1/ug))? w Uup,

The integral D,, provides great insights into the symmetry breaking at low-temperature phase and finds great
use in Quantum Field Theories and condensed matter physics. However, it is difficult to evaluate these integrals
computationally and analytically. On the other hand, the C,, (C,, = Cy, 1) class integrals which are closely related
to the D,, class, are easier to tackle and can produce closed-form expressions.

The general Ising integrals C), j is defined as

4 [ & 1 duy du,,
Cn [ p— / P / o e — 12
RS T L ) w (12

The above expression can also be expressed as the moments of power of Bessel Function K as

2n7k+1 2n7k+1

- _ = >~ k 1on
Cut = = ons = g [ RGO (13)

We will now analyze the special case of the C),  family with k& = 1 using the Method of Brackets [7, 8, 25]
and Mellin-Barnes representations. After this, each general integral with C,, ; will be treated using the same
procedure. The Cy, ; and C5 ; integrals are easily tractable, and the results for them have been given just for
completeness’ sake. The problem occurs when one considers C,, i for n > 3. Below we use the MMOB [29] and
show that for the evaluation of the integrals requiring the use of regulators, it is better to use the MMOB and
solve the corresponding integral using the CHMB method. The main utility of the method is that the limiting
procedure is automatically taken care of while finding the residue in the case of CHMB, which is at times difficult,
especially when there is more than 1 regulator, as in the case of Cly, .
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3.1 Cy

For n = 1, we have

Cik 4/ L dw (14)
o (

1 w + 1/up )P uy

The integral can simply be evaluated to give the general closed form:

Vr2 k()

Cir= 15
1,k F(g + 1) ( )
3.2 Ca, i
For k =1, we get:
4 > > 1 du1 dUQ
Co == _— 16
2k 2!/0 /0 (ur 4+ 1/ug + ug + 1/ug)b+1 wy ug (16)
This evaluation using the MOB, for k£ = 1, gives:
Cy1=1 (17)
The integral for the general value of k£ can also be evaluated to give the following closed form:
s+ )’
Cop = —~o—2 18
2FT Tk +1)2 (18)
33 Cg’k, and Cg’k(a, ﬁ, ’)/)
For k =1, we get:
4 [ [ [ 1 duy dug d
0371:7/ / / dun duy dus (19)
3o Jo Jo (ui4+1/ur+ug+1/us+us+1/uz)? up us ug

We will illustrate the problem encountered in OMOB by writing the bracket series for the generalized case Cs 1.
Taking k = 1will give us the result for C3 ;.

The following form of the integrand is motivated to maximize the number of brackets series in the expansion,
which in turn reduces the number of variables:

) 00 ) ] k
03, k=3 / / / (UIUQU3) 3 ] duydusdus (20)
3Jo Jo Jo (urugus(ui +uz)+uz(ur + uz) + uruguz + uiug)

Expanding the denominator using the rules of MOB,

k+1+ny +ng +ng +ng)

ni+nz+ 1+n2+2n; 1+"2<
D By (urug) ™AL 1y ) Dk + 1) 2y

{n}

Now, (u1 + u2)™ "2 has to be further expanded as:

nitnz _ ns, ne <—7’l1 —ng +ns5 + n6>
(u1 + uz) Z D, nely” Us N E—

ns5, N6

(22)
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Combining the expansions, the C'3 pintegral takes the form:

Z¢ (—n1 —n2 + ns + ng)
{n} F —nN1 _TLQ)

Cs.k = 31 k+

><(k—|—1+n1+n3—|—n4+n5><k+1+n1+n3+n4+n6>
X (k+14n1+ng+2n3){k+1+n1+ng+ ng+nyg) (23)

Now, the rules of MOB demand that we solve the linear equations of the brackets, but that poses the problem of
giving rise to divergent terms like I'(—n) and renders the whole procedure useless. To solve the issue, it is suggested
to introduce regulators. For the case of Cj , one regulator is enough. In particular, ¢ (— 0) is introduced in the
bracket as (k + 14 ny +na + 2n3) — (k + 14+ ny + n2 + 2ng + €) which mimics the effect of introducing a factor
of u§ in the integrand. Now, with this “new” bracket series, the divergent terms take the form of I'(—n — €) and
are easier to work with. In the regime of OMOB, one requires the expansion of I'(x) around integers to deal with
the problem, which increases the complexity of the task.

As n increases, the number of regulators increases monotonically and complicates the limiting procedure. On
the other hand, MMOB doesn’t call for any regulators and is very computationally friendly. Using the MMOB in
the above bracket series, we get the following MB representation for the Cs ;

1 e dz T(=2)*T(1+ 2)?
_1 24
Cs1=3 / 2mi T(—2z) (24)

This evaluates to

2 (.. (1 i3 iv3 A 02
0371:27<62\/§<L12<4—4> L2< 4>>+7rflog()—¢<>(3)+w<><3>> (25)

where (1) is the polygamma function of order 1.
The generalized integral Cs ; can be similarly obtained using the MMOB to give the following MB representation:

c+ioco
oo 1 / dz (- (% +22+ 1)) (26)
SRS+ ) 2mi (—2z)

The above integral can be evaluated to give

3 k!

2 el
cg,k:ﬁG§;§<

1
g ) (27)
"2
where G, is the Meijer-G function, which is given by following Mellin-Barnes representation [43].
-, T(1 —a; +s
G;"’q”<a1”"’a ) / ) L= I( i+ s) o ds
4\ by, ., by 27i H] mbl 1—b +8) 11 Ta; — s)

A further generalization of C j integral namely Cs r(«, 5, ) is given in [8] where the following integral is
considered

C xo‘ 1yﬁ71 y—1 d dd 28

Using the MMOB, we get the following MB representation

c+ioco

1 dz
Cs k(o B,7) = ORCESY] / i

c—100
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L(—2)[(~z+a-1)I(—z =B+ )(—z+a—- BT (3(k+2z—a+ 8-y +2)T(2(k+22—a+3+7))
[(=2z+a—p)

(29)

The result is given in the MATHEMATICA file Ising.nb and is found to be:

_ _%Wm osc(mry)2- 71—k (4vr<;(k —a—B—y+ 4)>
r<;(k+a—6—7+2>)r<;(k—a+ﬂ—v+2))F<;(k¢+a+ﬁ—v)>

S(h—a=f-q+4), S(k+a—f-7+2)

-~ (1
X 4F3<2(k+04+ﬁ—'7)a B

1 1 1 1
2(k—a+ﬁ—7+2),2(k—7+2),2(’6—7+3),2—%4)

—4F<;(k—a—5+w+2))F<;(k+a—ﬁ+w>
I‘<;(ka+ﬁ+v)>l“(;(k+a+ﬂ+72)>

- (1 1 1
X 4F3<2(k—06+ﬁ+’7), 5(/€+a—|—ﬂ+’y—2), 5(k—a—ﬂ+’y—|—2),

1 Kty 1 L
gt Sy 1) g)) (30)

where 4F3(a1, az, ag, as; by, be, b;z) =

1 = (a1)n(a2)n(a n B _
L'(b1)(b2)T'(bs) 7;) (b1)n(b2)n(b3)n  nl and (a)n = —yqy— Is the
Pochhammer symbol.

3.4 C4,k and C4,k:(a7 Bs s 5)

For k = 1:

c —i/w/w/w/w L duy dug dus dus g
4’1_4! 0 0 0 0 (U1—|—1/U1+UQ+1/U2+U3+1/U3+U4+1/U4)2 Up Uz U3 Ug

If one proceeds with the OMOB as in the case of (5 1, one is now required to use 2 regulators, namely € and A
[8]. The result for C4 1is then obtained by taking the limit ¢ — 0, A— 1. The use of two regulators significantly
complicates the task of doing the limiting procedure. So we again proceed with the use of the MMOB. Using the
MOB, we get the following MB representation for Cy, 1:

c+ioco
1 dz T(=2)2T(1+ 2)*
Ci1 == — (32)
12 2mi T'(—22) T'(2 + 22)
c—100
This can be evaluated to give
_7¢(3)
Cii=—3 (33)
The general case for n = 4can be simplified to the following MB representation:
c+ioco 4 k1 4
Cr = 1 dz D(—2)* T(EL +2) (34)
YR r(k+ 1) omi T(—22) D(k + 22+ 1)
c—100
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Table 1 Values of Cy i for k=0,...,7

k Cyk
0
1,1,1,1
1 3,3 P
6”G4y4<1 111 1)
27 27 27 2
7¢(3)
1 12
2
1,1,1,2
1 3,3 y Ty by
487rG44<1 3 3 3 1>
27020 20 2
7¢(3)—6
1152
4
3. 1,1,1, 3
1 3,3 )
23047TG474<1 5’5 57 1)
27 29202
49¢(3)—54
368640
6
1,1, 1,4
1 3,3 y Ly
2764807TG4,4<1 7 ’ 7 7 1 )
20 20 20 2
7 63¢(3)—74
15482880
This can be evaluated to give the closed-form expression:
T2kl 4 1,1,1, k£2
Cav=mg T Gual Y eer ki1 k11 1 (35)
3F(l€+1) ’ T2 v T2 9y T2 9

The given expression is of particular interest, as seen from its values when evaluated for any odd values of k. When
C4, is evaluated for any odd k, it takes the form of a((3) + b function, where ¢ and bare some rational numbers.
Some of the values are provided for reference in Table 1.

A further generalization of Cy yintegral namely Cy i (e, 3, 7, §) can be considered as follows

c = [~ Ty dedydzd
s My = 36
sl 3,7, 9) /0 /0 /0 /0 (z+1/z4+y+1/y+2z+1/z+w+ 1/w)k+? rydacw (36)

Using the MMOB, we get the following MB representation

c+ioco
1 dz
C - &
4.1(e 5, 7) 120(k + 1) / o
c—100

D(—2)[(—z 47— 1) (-2 =6+ D)I(—z+7 -0 (3(k+2z2—a—B—7+35+3))
120k +1)I(—22 47—l (3(k+2z—a—B—v+6+3)+3(k+2z+a+B—7+0—1))

xP(;(k+2z+a—ﬁ—w+5+1))F<;(k+2z—a+ﬁ—v+5+1))

I‘(;(k+2z+a+ﬁ—’y+5—1)) (37)

The above integral can also be evaluated as before, and the solution has been provided in the accompanying
MATHEMATICA file Ising.nb.

We end this section by noting that given an integral, the evaluation of its MB representation obtained using the
MMOB [29] is more efficient than using the OMOB and its rules to evaluate the same. The regulators and the
limiting procedure in the OMOB are automatically taken care of in the evaluation of MB integrals while evaluating
the residue. Alternatively, this suggests that one can try to find a better rule that concerns the elimination of the
bracket for the OMOB so that one does not require regulators and the result is obtained with their use.
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4 An attempt at Cj j

Using the machinery developed so far, we now attempt to evaluate the Csintegral in the same spirit. Using the
MOB, we get the following MB representation for Cs

c1+1i00 co+i00
o= 1 1/ dzy 2/ e [(—21)'T(=22)'T (3 (k + 221 + 222 + 1))?
5T 600 (k+ 1) 27 2 [(—221)0(—222)

c1—100 Cco—100

(38)

Evaluation of the above integral, when done directly using the MBConicHulls.wl, would result in the divergent
series. A suitable way to approach such evaluation would be by taking two parameters that serve as the variables
for the series that appear and then evaluating the results with these parameters. For the C rintegral we have the
following evaluation

1 cl+iood chriood
P ﬁ ﬁ 21 22
Cs.nl B) = 5otk + 19 / omi / omi (D7)
c1—100 Co—100

D(—21) 0 (—22) T (3 (k + 221 + 229 + 1))?
['(—221)T(—229)

(39)

We notice that the integral Eq. (39) has a more general structure than the integral Eq. (38) with the introduction
of the two parameters. The C5 ,can be obtained by putting o = § = 1. The evaluation of the Eq. (39) has been
done in the accompanying MATHEMATICA file Ising.nb.

We also note that though we have a result for integral (39), the result is not convergent for the value of interest
a = 3 = 1. Proper analytic continuation techniques have to be used to achieve this goal. At present, with the form
of series that we obtain, the task is not achievable using Olsson.wl . With the form of series at hand we believe
that it can be written as a derivative of ‘some’ hypergeometric function. Then Olsson.wl can be used to find the
ACs of this hypergeometric function so that it converges for « = 8 = 1, and then the derivative can be performed
to get the final result.

5 Box integrals

For dimension n, we define the box integral as the expected distance from a fixed point g (can be origin also) of
point 7 chosen randomly and independently over the unit n-cube, with parameter s,

B, (s) = /01 : --/01 ((7"1)2 +-- 4 (Tn)2>8/2 dry---dry, (40)
An(s) = /01 . --/01 ((Tl —q)? (e — qn)Z)S/2 dry---drpdg; -+ - dgy, (41)

For certain special values of parameter s, the above integrals give the following interpretation:

1. Byp(1): It gives the expected distance from the origin for a random point of the n-cube.
2. A,(1): It gives the expected distance between two random points of the n-cube.

Due to the physical significance of the box integrals and also their use in the electrostatic potential calculations,
we wanted to evaluate these integrals and give closed-form expressions using the Method of Brackets that has been
implemented throughout the paper.

Using the quadrature formulae for all complex powers [30, 31, 34, 38, 39], we use the functions:

L O
b(u) 7/ e dz = —ou (42)

0
1 1 .2
f v—1
)= [ [ ey ap - YEUEES (43)

u?
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which gives us the relation:

s) = 2 00u7s 11n U
Bu(s) = prg | v (14)
Anls) = (_23 5 /O w1 (u) du (45)

5.1 B, (s)

Now, for the method of brackets to be operational, we need integrals of the form with limits from 0 to co. We
need to make an Euler substitution. The following substitution has been found to be the most efficient:

a
T =g g (46)
which makes the integral
b(u) = /1 e dy = /°° o) R N (47)
(1+a)?

—u?a? ! 1
/ 2n'<1+a ) (1+a)2da (48)

Substituting this back in B, (u) and applying MMOB, it is obtained that B, (s) has a pole at s = —n and we
finally get:

Bi(s) = s+1 s#—1 (49)
2 1 s 3
Bz(s): 5+22F1(2’ —232;—1)575_2 (50)

The first two cases were easy to handle. The first non-trivial evaluation is that of Bz(s). We found two different
results for the same by using two different methods. Firstly we consider the following representation of Bs[31]:

/4 /241
Bs(s) = 3 j_ 802,0(5, 1) = (3—}—5)6(24—3)/0 ((1 + sec? t)é/ A 1) (51)

The above can interestingly be evaluated in MATHEMATICA using Integrate command. Using it, we get the
following evaluation for the Bs(s)integral

6 1 s 2% (1 1 s 1-s1 1
B = i 1:=, —=:2:2. —2 ) — Fl=-(-s—-1):——, ——t ——— 1 — ——
3(8) (8+2)(8+3) <’L 1( 72a 27 3 4y > S+1 1(2( S )5 2? 27 2 72a 2)

NZs s 1 s s s 1 T
- foy 1 r(-2-2)-T 2
ar(i-s)* '\ 2 2 27 2 2 2) 4 (52)
where Fy(a; by, be; c; x, y)is the Appell Fifunction which is defined for |z|< 1 A |y|< 1 as:
= m n bl (bQ)n ,
Fi(a;bi, b u myn 53
(a’ 1, 025G T, y mzo m+nm’n' 'y ( )

where (g),is the Pochhammer symbol.
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The Eq. (52) requires the evaluation of the Appell F; outside its region of convergence. Such evaluation requires
the use of analytic continuation of Fi, which has been done by Olsson [40].

Though we got the result using MATHEMATICA , it doesn’t provide many insights so as to aid the computations
of other B,,(s). So we proceed to a more systematic evaluation of the Bs(s)so that the results can be generalized
to other values of n. Using the MMOB [29] we get the following Mellin-Barnes integral for the Bs(s)

c1+i00 catico
Ba(s) = / / [(—21)T(—22)0(221 + 1)I(222 + DI(s — 221 — 222 + DI (—5 + 21 + 22) dz dzy (54)
A T(=2)T(221 + 2)0(222 + 2)[(s — 221 — 220 + 2) 2mi 2mi

c1—100 C3—100

We evaluate the above integral using the MBConicHulls.wl package [21]. The evaluation gives the following result:

Bs(s) = — m VA + 2R (3 5 - 5% 1) +oFi(=5 -1, 7% e
3 2(s? + 55+ 6) e
1 —1—s -s 11
S As 2 12— _1] )
2 72 "2

Where F£i{ (z, y)is the KdF function which converges for [/z|+|,/y]< 1. So to evaluate it at (—1, —1), one needs
its analytic continuations. In the MATHEMATICA file Box.nb, we provide a systematic derivation of the analytic
continuation for the same so that it converges at (—1, 1).

For general B,,(s)we get the following MB-representation

c1+1i00 Cn—1+100 n—1 d
(H o
2mi

1

c1—100 Cp—1—100 - (

) (M= res + 0)r(s— 200 2 + l)r( )
(56)
T2 + 2)) (s D D 2)

Using the Eq. (56) we obtain following representation for By(s)

c1+ico co+ioo cz3+ioco

1
re-s) J J
C1—100 C2—100 €C3—10Q
D(—21)T(221 + 1)I(—22)(229 + 1)1 (—23)(223 + 1)['(s — 221 — 220 — 225 + 1)
F(2Zl —+ Z)F(ZZQ —+ Q)F(Q,Zg + 2)F(S — 221 — 222 — 223 —+ 2)

) dz1dzedz
" 1'\(_5 n 5 + Z + 23) (a)m (ﬂ)w (W)Z3W

B4<S, «, ﬁ7 ’7) =

(57)

The above integral can be again evaluated readily using the MbConicHull.wl package. For the case of By(s),
due to the occurrence of a 3-variable hypergeometric function, the region of convergence analysis is difficult. In
the OMOB all the series which converges in the same region of convergence are kept together. For 3 or more
variables this analysis becomes complicated and is not always straightforward [19]. Here the CHMB method plays
an important role in that it clubs the series converging in the same region of convergence together without prior
knowledge of their region of convergence. The evaluation has been provided in the file Ising.nb .

5.2 A, (s)

We now move on to the evaluation of A, integrals (41). Instead of directly doing the evaluation of the d,/(s)
integral, we refer to [31], to exploit the relation between B, (s) and A, (s). A few instances of the same are as
follows:

1

2Hl(s s
Azls) = 8(32+ 2)((3 :;))(:i g TAP2(s) - %Bﬂs +2) (59)
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((s+5)(2213 —3272) +1) 24

Bals) =24 (s+2)(s+4)(s+5)(s+06) + s+ 232(S +2)
24(s +6) 12(s +5)
TGyt =g B+ ) (60)
wB3(5+4) + 8Bs(s) (61)

(s+2)(s+4)

where Bs(s) and Bs(s) are given by Eqgs. (50) and (55). The results for A4 and Aj are provided in the appendix
B.

5.3 Jellium potential

As an application of the evaluations done in the previous section, we refer to one more application of such
evaluations, the Jellium potential [34]. It arises in the problem of electrostatics. The problem concerns finding the
electrostatic potential energy of an electron (having charge -1) at the cube center, given an n-cube of uniformly

charged jelly of total charge +1. For the problem, usually one takes the radial potential at a distance r from the
electron as V,,(r) as follows

Vi(r) :==r—1/2,
Va(r) := log(2r),

Vi (r) :=2"72 — (i)n_z, n>2 (62)

The n-th Jellium potential is defined as
Iy 1= <Vn(r)>r6[—1/2,1/2]" (63)
All the J,, can be written as a box integral up to an offset. The final result is
J,=2""2(1-DB,(2-n)), n>2 (64)

Using the result for B,,, J3 can be readily evaluated to:

J3 = g +2—6tanh ™!

A~

Sl

~
>
=

6 Conclusion and discussion

We show that using the MMOB [29] for the evaluation of improper integral with limits from 0 to co combined with
tools to evaluate such MB integrals such as MbConicHull.wl results in more efficient evaluation of the integrals
considered here. This method is particularly helpful to evaluate the integrals when using OMOB; one requires the
use of 'regulators’ and a proper limiting procedure to evaluate these integrals. The choice of these regulators is
somewhat arbitrary, and at times more than one regulator has to be used, which further complicates the process.
With these tools at hand, we then re-evaluate the Ising integral, which had been already evaluated in [8] but with
regulators. We further make an attempt to evaluate the sought-after integral Cs j with all these techniques. We
are, though, able to evaluate a more general integral C5 j(c, 3) which, when properly analytically continued, will
give the result for C5 ;. At present, we are unable to do so with the techniques at hand. However, we believe
that the result can be written as a derivative of some multi-variable hypergeometric function. Continuing further
we evaluate the Bs(s) and By4(s) and give a general MB representation for B, (s). For the case of Bs(s), we
use Olsson.wl to find the ACs of the hypergeometric functions that appear in the solution. For By(s), similar
techniques would work. It is important to note that though the OMOB and the evaluation of MB representation
will give essentially the same number of series, grouping them in the same ROC is not an easy task. For the case of
3 or more variables, the problem of finding the ROC is still a problem yet to be solved in an efficient manner. This
problem is essentially removed in the case of applying the CHMB method, where such grouping is automatically
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done without prior knowledge of the ROC. As a byproduct of these evaluations, we get the result for associated
box integrals A, (s) and Jellium potential .J,,. We through these evaluations also discover the relations between
these integrals and multivariable hypergeometric functions. We would like to emphasize again that the present
work is an illustration of combining various techniques and automatizations [17, 21] together which are developed
as a part of a long series of investigations, rather than using them in isolation.

As a future direction, it would be interesting to modify the rules of the OMOB so that the final evaluation of
the bracket series doesn’t require regulators. For the case of Cs i («, () evaluated in the present work, one can try
to find a way to evaluate the ACs. One way toward this direction is to write the final result as a derivative of a
hypergeometric function and then find the ACs of it using Olsson.wl . After finding the ACs, the derivative can
be taken to get the final result which converges in the appropriate region. We also note that a similar process can
be used to evaluate Cg, 1, which also gives a 2-fold MB integral. Finally, it would be interesting to derive the result
for the various Box integrals B, (s), A,(s) and Jellium-potential J,, from the results given here. The result in the
present work matches numerically with those results; it would still be interesting to see how they can be obtained
from the present work by using various reduction formulas of multivariable hypergeometric functions.
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A Ruby’s formula

Ruby’s formula is another interesting physical problem where the OMOB can still be used. We provide an evaluation
of a general integral of which Ruby’s formula is a special case in this Appendix to highlight the application of the
OMOB when regulators are not required. Ruby’s formula gives the solid angle subtended at a disk source by a
coaxial parallel-disk detector [41]. It is given as follows

Rd e’} efkd
D==2 [ Ji(kRy)J,(kRy)— dk (66)
Ry Jo k

where Ry and R, are the radii of the detector and the source, respectively, d is the distance between the source
and the detector, and J(x) is the order one Bessel’s function of the first kind. We now consider the generalization
of integral (66), as discussed in [42]. We will use the MOB to evaluate the integral and show that it reproduces
the result, along with two ACs.

00 N
S = / ke * T Ja, (kR;) dk (67)

0 =1

we can again apply the method of brackets by using the series expansion of the functions

Jo (KR Ryt
o) (kF5) = 527 HZ_ On, 22nar (aj +n;+1)
e—kd — Z (bnp R L
ny=0
putting the series expansion in the above integral, we get
I )an—i-l
_ ) S A " dk 68
/0 Z‘b HQ(LJ Z(bJQQ"JFa +nj+1) (©)

np,=0
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we can simplify the above by noting that

ﬁ o0 Rj)2mitay Z Z 91,2, Nkzév—l(?”j"’_aj) H;,V_l(Rj)(QﬂjJraj)
E bn; 55 =
j=1 n],1 22 gF a +n; +1 =0 =0 221 1(2nj+ay) H;V:1 P(CLJ-F'HJ—I—I)

putting above value in Eq. (68) gives

N
R. (2nj+aj)
L5 (R)C )
Hj:l I‘(aj + n]— + 1)

n n a . ¢
:/O Z B, K PR (20 kas) gy Z Z 2271 122n]+aj) 8

ny=0 n1=0 ny=0

Using the method of brackets, Eq. (69) can be written as

dn
=3 3 S buan np+z+1+22n]+aj))>m

n1=0 ny=0n,=0 j=1
[12, (Ry)Crates)

N
Hj:l L(aj +n; +1)

where ¢1,2, o N,p — ¢n1¢7zg o ¢TLN¢TLP
The solutions to Eq. (70) are determined using the solution to the linear equation.

N
np+1+14+> (2n;+a;) =0
j=1

(70)

(71)

above equation has (N + 1) variables. There are (N + 1) different ways to write solutions to the above equation,

taking N free variables each time.

Out of (N+1) solutions, the solution with n, as the dependent variable gives the Lauricella function of N
variables, as we will show. The rest of the solutions give the series representation that is the analytical continuation

of the earlier.
Denoting the solution to Eq. (71) by n! with n; being the dependent variable.
The solutions to equation Eq. (71) can be written as

N
n, =—(+1) —Z(2nj +aj)a=1

N N )
i )3 (e

a is the coefficient of the dependent variable if the set of linear equations obtained from brackets are written in

the form an+b=0
where n is the dependent variable, and b includes all the free variables and the constants.
Denoting the solution of Eq. (70) by S; obtained by using n} (i =1, 2, ---, N, p).
(I) With n, as the dependent variable
We write the solution to Eq. (70) as

1 >
:g Z Z ¢172,~~~,NF(TL17’I?,27 ey, NN, n;)F(fn;)
n1=0 nyn=0

dme TIN_, (R;)@nitas)
where F(ni, ng, -+, nn, np) = =1

N (2n- ta. :
oXj=1(2n;+a;) H;.Vzl T'(aj+n;+1)
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Putting the values, we get

— _SN ni+a; N ni+a
B i i i’ d— D =225, (2ny+ '7)Hj:1(Rj)(2 ita;)
= 1,2, N 22f=1(2nj+aj)l—[§\7:1

n1:0 nN:O

N
(+1D)+ > 2nj+a (73)
I(a; +n; +1) ( ; ’ J)

Using Legendre’s duplication formula

r(o( S (4 2)))

j=1
R T > A VRS ) A (RaRe > A UREY)
- N (74)
putting above value in Eq. (73) and simplifying gives

= o0 d— D=7, (2n)+a;) Hj}le(Rj)@nﬁaj)
= MZ:O . n;o $1,2,- N oX N, (2n;+a;) va:l T(a; +nj+1) (75)

(i ()P ()

X

VT

this equation can be written in compact form as follows

&}(ﬂb(igl“)gg2gﬁG@%

(gﬂyﬂ R
(Z] 175) (Zj:l n;j)
IT;2: T +1)

X

(a)mis the Pochhammer symbol
which exactly matches the series representation obtained in [42] with ROC

N
> IRj|<d
=1

The above series corresponds to the Lauricella function of N variables.

where F.in the above equation is the Lauricella function for N variables.
(II) With n; as the dependent variable
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We write the solution to Eq. (70) as

s, :% Z Z ®1,2, ., (i=1), (i+1), -, N, p

n1=0 ny=0

F(nly ng, + -+, n;: oy, N, np)r(_n:)
putting the values, we get

1 o0 o0 o0 (o) o0
S; = 3 Z Z Z Z Z ®1,2, ., (i—1), (i+1), -, N, p

n1:0 ni,1:O ni+1:O ’I’LN:O ’I’LPZO

d"p(ijzl’j#(Rj)(an-&-aj))
(22?:1.,.#1'(2”1‘*“1‘)) (H;,V:Lj# I'(a; +n; + 1))

1 >
np+i4+1 N N a
<(F(ai — ¢ +2+ L an:u;éj(”j) - Zj:l(#) + 1)
<(Ri)_(n;n+l+l)_2§\]1‘ i (2".7')_2;\,:1 aj""”)

X

1
% (2(np+l+1)2_§-v1‘ #_,»(an)*z_?’:l ‘ljJrai)

(r( e > w2 (%))

=1, j#i

Eq.(79) gives series representation for all values of ¢ = 1, 2, ---, N and is the most general form of all the

analytically continued series.

A,, Relations

A,, can be expressed in terms of Bpas has already been shown in the Subsect. (5.2). Here, the relations for Ay

and Ay are provided:

3'2§+3+25+673§+4)(s+7)+1
(s+2)(s+4)(s+6)(s+7)(s+38)

96 96(s + 8)
DI R

96(s +7)

- 838((58126)) Bi(s+2) +
8(s+8)(s+9)(s+ 10)
T3t 2)sdisto) et
14+ (9 + s)(20+5/2 4 21045 _5+s/2 9. 35+5/2)
24+ 5)4+s)(6+35)(8+s)(9+s5)(10+s)

320 Ba(6 4 5) 1 320

24+ 5)4+5)(6+s) ° (24 s)(4+s)
320(10 + s)

A4(S) =64 (

64
(s+2)(s+4)(s+6) Ba(s+6) + mB3(S +2)

32(s+8)(s+9)
(s+2)(s+4)(s+6)

8(s+ 8)(6s + 43)
Srern et

As(s) = 160

T
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Table 2 Description of various MATHEMATICA files provided and the packages used

Files provided Description
Ising.nb Contains the evaluation of the Ising integrals Cs, k, C4, 1, Cs k(, 3) and Cs (o, B)
Box.nb Contains the evaluation of the Box integrals Bs(s) and Ba(s)
MbConicHull.wl Package required to evaluate multidimensional MB integrals. Used in the

evaluation of C5 x(«, ), Cs,k(a, 3), B3(s) and By(s)
MultivariateResidues.m Used by the package MbConicHull.wl internally
Olsson.wl Package required for finding the ACs. Used for the case B3(s)
ROC2.wl Package required for finding the region of convergence of the 2-variable hypergeometric

series.
480(9 + s) 160
B I T RS e Gt
880 (8+s) 80 (104 s)(55 + 6s)

By(4+s) + By(6 + s)

3 (2+9)(4+5) 3 (2+s)(d+9)(6+9)
80 (104 s)(11+s)(12+ )
3 (2+5)4+s)(6+5)8+s)
(7T+s)
6+ 3s
47 + 5s)

(
(6+ s)
(
(

Bs(8+s)

4(9+5)(291 + 355)
3 (2+s)d+s)

8(10+s)(11+s
3 (2+s)(d+s
)

B5(6 + S)

4(10+s)(11+s
3 (24+s)4+s

12+ 5)(13 4 s)
6+ s)(8+s)

— [ — | —

Bs(8 + s) (81)

C MATHEMATICA files

Here, we give a list of the MATHEMATICA files and packages that we provide, which contains the derivation of
the various results of the paper (Table 2).
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