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Abstract: Quantum theory is awash in multidimensional integrals that contain exponentials in
the integration variables, their inverses, and inverse polynomials of those variables. The present
paper introduces a means to reduce pairs of such integrals to one dimension when the integrand
contains powers multiplied by an arbitrary function of xy/(x + y) multiplying various combinations
of exponentials. In some cases these exponentials arise directly from transition-amplitudes involving
products of plane waves, hydrogenic wave functions, and Yukawa and/or Coulomb potentials.
In other cases these exponentials arise from Gaussian transforms of such functions.

Keywords: antihydrogen; radiative attachment; photodetachment; antihydrogen ion; analytical;
hydrogen ion

1. Introduction

Prudnikov, Brychkov, and Marichev [1] provided a means to reduce a class of two-dimensional
integrals involving exponentials and a general function of the integration variables in the specific

configuration f (%) to a one-dimensional integral involving that same function of the new
integration variable f (f):

0 oo 1 . . - N B 2
b o f(E) ey = ol e () ar a

As may be seen with comparison to the specific cases, such as entry number 3.1.3.5 on the same
page, the coefficient is in error. This reduction should read

© oo 1 x o o ﬁ(\/’Jr\[) o _ 2
bl Ty S () e mdndy = SRR e WP . @)

Numerical integration of both forms, with f (t) = t3/2, p = 3, and q = 5, gives 0.0024537304. In the
present paper we extend this reduction technique to a class of integrals that arise in Gaussian transforms
of atomic, molecular, and optical transition amplitudes [2,3] in which the above exponentials on the

,and one
may also have positive and negative powers of x and y. The calculation of expectation operators in
percolation theory [4] may also benefit from the present technique.

We will begin with a more general form
/ / v/2f
0 0 x”/zym/z(x+y) x+y

_a

x oty e/ () hy/ ()il () Py gy g 3)

Ry(n,m,v,a,b,¢c hjp q)
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The reduction is facilitated by a simultaneous change of variables to

_ X _ sy
5= x+y t_,/x+y @)

2
x:SZ—l—tEcp(s,t) , y:t(ssijt)zlp(s,t) 5)
oy opop  2(s2+1)° ;
ot st - # ©

where the last line is the Jacobian determinant of the transformation. The s and t integration limits are
over [0, 00]. Then

00 00 _m_n_ +2
Ry(n,m,v,a,b,c,hjpq) = 2/0 F(8) £/ 2kt dt/o gmtv—3 <S2 + t) CEE (7)

a bs? ht js? ) qgt?
x exp<_sz+t_t(sz+t)_52+t_(52+t)2_p(s +t>_572 ds

2. Set of Integral Reductions for Positive Powers in the Exponentials

If weseta = b =c=h = j =0, complete the square in the exponential and change variables in
the s integral

© o, —m_n_ 42 2
Jo(n,m, v, p,q) = /0 gmtv=3 (52 + t) 2 exp ( ps* — ZZ) ds 8)

to

@5_,/4\/5\/Elt+u2+u )
s

Vs - N

N (, [4\/p/qt + 12 + u>2 . w0
VP (W%— u)2 +4p./qt

=
\

then

L(n,muv,pq = e 2VPVat /oo e (11)

—00

—2-2—v42
o—m— u+3p2( m—v+3) (( 4\/5\/5;+142+u)2 th) 272

—m—v d
(\/ﬁ(./4\/ﬁ\/ﬁt+u2+u)2+4p\/§t) (,/4\/ﬁ\/qt+u2+u)l '

2.1. Integrals withm +v =1

If we set {n = 0,m = 0,v = 1}, the second factor in the denominator of (11) goes to unity,
allowing us to do the integral [5], and we recover the corrected integral (2) from Prudnikov, Brychkov,
and Marichev [1]:

R»(00,1,0,0,0,0,0,p,q) = / / \/ﬁf<x+y>e_px_qydxdy
_ f*f / F(1) e (VPrva)ty (12)
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A second form may be obtained by setting

-1/2
xy \ _ ( xy xy
f<x+y>:(x+y) g(x+y) 13)

in the first form, giving

R>(1,1,0,0,0,0,0,0,p,9) = / / xml1/2g(x’fy>e—r’x—wdxdy

_ f*\f/ 120 (1) e (VPHV) T g (14)

Numerical integration of both forms, with g (t) = 372, gives Ry (1,1,0,0,0,0,0, 0,0, 0) = 0.007324455.
Additional applications of (13) will give larger powers of x and y in the denominator with powers of x +y
in the numerator. Applications of the inverse of (13) will give powers of x and y in the numerator with
larger powers of x + y in the denominator.

One may also do the integral if we create even powers for the last factor in the numerator of (11)
and expand by, for instance, setting {n = —1,m = 1,v = 0}, which gives dissimilar powers of x
and y [6],

Ry(-1,1,0,0,0,0,0,0, p, q)

o 1/2
/ / o e P~ Wdxdy
1/2 x + y

= zpm\[/ f(tye WP (215 (VF+ VAP + ) di. (15)

Numerical integration of both forms, with f (t) = /2, gives R, (—1,1,0,0,0,0,0, 0, 3, 5) = 0.00281927.
The transformation (13) can be applied to this and all subsequent integrals.

2.2. Integrals withn +m +2v =4

We obtain a new set of integral reductions by finding values of n, m, and v that set the last factor
in the numerator of (11) to unity.

2.2.1. Integrals with v = 0
For {n = 3,m = 1,v = 0}, and using the identity

fl(x+y> - <x?y>g<x?y)’ (10

we obtain another set of integral reductions for unlike powers of the original coordinates

RZ (3/ 1/ 0/ 0/ O/ O/ O/ O/ P/ LI) = RZ (1/ 71/ 2/ 0/ 0/ Or Or Or P/ Q) (17)

Y el V] XYy O\ pr
= ﬁ<x+y>g(x+y>” Hixdy
- g [ s P R () > 0]

Numerical integration of both forms, with g (f) = $3/2 gives R, (3,1,0,0,0,0,0, 0, 3, 5) = 0.00319706.
For {n =5,m = —1,v = 0} we employ (22) to obtain
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R2 (5/ _1/ 0/ O/ 0/ O/ 0/ 0/ p/ Q)

Ry (1,-5,4,0,0,0,0,0,p, q) (18)

- 4572 Y\ oy g
B / / fory x4y ¢ Ty

= s s e (PR R () >0l

Numerical integration of both forms, with g (t) = £3/2, gives Ry (5,—1,0,0,0,0,0, 0, 3, 5) = 0.0006342548.
One may continue on in like manner.

2.2.2. Integrals Yielding Macdonald functions

One can also set {n = 1,m = 1,v = 1} to set the (s> + t) term of (8) to unity to obtain [7]

© oo 1 xy o
R 1/ 1/ 1/ O/ 0/ 0/ 0/ 0/ ’ = / / ( ) PX=9Ydx d
2( p Q) 0 0 xl/Zyl/Z (x+y)1/2f x+]/ e xay

2/000 F(t) 1/ 2e7PEatK, (2y/pqt) dt  [R(\/pq) >0]. (19)

Numerical integration of both forms, with f () = £3/2, givesRy(1,1,1,0,0,0,0, 0, 3, 5) = 0.01082562.
We can instead integrate [6] the u-form with the last factor in the numerator of (11) set to one with
{n=1,m=1,v =1} Since

21,11, p,9)=]2(22,0,p,9)

we also have,

Ry(2,2,0,0,0,0,0,0,p,q) = / / (xfy>epxwdxdy

_ /0 f(t)t’le’Pt’tho(Z\/Wt) it [R(ypg) >0, (20)

but this may also be obtained from (19) by using (13). Numerical integration of both forms,
with f (t) = 13/2 , gives R (2,2, 0, 0,0, 0,0, 0, 3, 5) = 0.0448319.

We can also set the last factor in the numerator of (11) to unity with {n = 4,m = 0,v = 0} to
obtain a set of integral reductions that have unlike powers of the original coordinates [7],

o (3

= 2\\/[; /0 Fia(t) e POKG (24 /pat) dt - [R (y/pg) > 0]. (21)

R2(4,0,0,0,0,0,0,0, p, q)

> e P Wdxdy

Numerical integration of both forms, with f3 5 () = t3/2, gives R, (4,0, 0, 0,0, 0, 0, 0, 3, 5) = 0.1050323.
It is to be understood that each of the integral reductions in this paper is valid only for those functions
f that are convergent in the final integral. In the above equation we have made this restriction more
explicit with the notation f3/, () that indicates that the integrals do not converge for terms in a powers
series representation of f for powers less than 3/2. However, if we set

s(35) - (55) ()

then we can rewrite
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R2(4,0,0,0,0,0,0,0,p,9) = R2(0,-44,0,0,0,0,0, p, q)

%) %) 2
_ y Y\ oy g 23
/o /o (x+y)2g<x+y>e e )

2\\/2 /Ooo g(t) 71T 2e PRy (20 /pqt) dt - [R (\/pg) > 0],

a form that converges for any function g that can be expanded in a powers series (without the
negative powers of a Laurent series). Numerical integration of both forms, with ¢ (t) = ¥,
gives R (4,0,0,0,0,0,0,0,3,5) = 0.0168808. For {n = 0,m = 4,v = 0} we simply interchange
p < g in the above.

Similarly, for {n = 5,m = 1,v = —1} we employ (22) to obtain

R,(5,1,-1,0,0,0,0,0,p,9) = -5,4,0,0,0,0,0,p,9)
Ui Y _)erwaxd 24
B / / fx+y3/2g(x+y)e T @)

= 2\\/[;/0 g(t) tY/2e=P0t Ky (24 /pgt) dt - [R(Vpq) > 0]

Numerical integration of both forms, with ¢ () = #3/ 2 oives R,(4,0,0,0,0,0,0,0,3,5) =0.00128469.
ar 8 g

One may continue on in this fashion with more extreme powers suchas {n =7,m = —1,v = —1},
by using the identity
3
Xy Xy
— , 25
f3<X+y> <X+y) g<X+y) )
to obtain
Ry(7,-1,-1,0,0,0,0,0,p,9) = R»(1,-7,50,0,0,0,0,p,9)
) emrrwvixd 26
/ / fx+y5/2g<x+y)e i (26)

_ ?p/o g(t) B2 PR, (2/pgt) dt - (R (Pg) > 0.

Numerical integration of both forms, with ¢ () = £3/2, gives R, (7,—1, =1, 0, 0, 0, 0, 0, 3, 5) = 0.000364802.
g 8 g

2.3. Integrals withm +v = 2

We obtain a new set of integral reductions by finding values of m and v that move the second
factor in the denominator of (11) to the numerator with unit power. The ratio of this term with the
other term left in the denominator reduces nicely [6],

(\/4vmat+u +u) 1 ) 1 o

(\/ﬁ( 4\/Wt+u2+u)2+4p\/ﬁt> 4y/pat +u?

allowing integrals of nonzero powers of the numerator of (11) to be done. We already saw the results
for{n =1,m=1,v=1}in (19). For {n = —1,m = 1,v = 1} we obtain [6]



Atoms 2020, 8, 53 6 of 19

RZ (71/ 1/ 1/ O/ 0/ O/ 0/ 0/ p/ Q)

/ / 2 (1 7) 1/2f(x+y) e Py dy
VP [ 72 (K 2yt + VK (2y/F) dt
[® (vp7) > 0]. (28)

Numerical integration of both forms, with f (t) = 372, givesRp (—1,1,1,0,0,0,0, 0, 3, 5) = 0.00324169.
For{n =-3,m=1,v=1}[6],

RZ (_3/ 11 1/ Or 0/ 0/ 0/ 0/ p, 0])

—px—qy
/ / 1/2 +y1/2f<x+y)€ dxdy
= 3/2/ f(t) T/ 2empt=at
p 0

x (VPH(p +9)Ko (2y/Pgt) + v/4(2pt + 1)Ky (2/pqt)) dt
(R (v/pq) > 0]
d

= $R2 (-1,1,1,0,0,0,0,0,p, 9). (29)

Numerical integration of both forms, with f (t) = /2 gives Ry (—3,1,1,0,0,0,0,0, 3, 5) = 0.00181426.
We have checked that this series of reductions all converge for any function f that can be expanded in a
powers series through {n = —9,m =1,v =1}.

3. Integral Reductions for Inverse Powers in the Exponentials

Instead of the positive powers in the exponential of the last section, let us take the reverse and set

Ry (n,m,v,a,b,¢ 00,00 = /0 / Ty x+y)v/2f<x+y)

x e e/ gy gy (30)

_ / / 2y m/z(xx+yy)”/2 f(xiy)

% e*ﬂX*bY*C/(XJrY)dX ay

where we have split off e~/ (*+) from f ( ) to explicate how this is different from simply making

the replacement {x — %Y= v, a=pb— q} in Equation (3). In Equation (7) we apply a partial
fraction decomposition in the exponential of

2
t(szs+ o szz—t - % 1)
so that
Ry (n,m,v,a,b,¢00,00) = 2/0Oo f(t) pm/2p—ct—qt=b/t gy /Ooo gmtv=3 <s2 + i.‘)irzli%iwr2
X exp (_%) ds (32)
Changing variables to
w10 (33)
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transforms the s-integral to

m_n —4
1 g fa—b\ 2 2 (e b —tw m
p— e 7\F dw. (34)
b Jo w

The last term in the integrand is turned into a square if m = v = 3 and the middle term is flipped
upside-down if n > 1, so letting {n =1, m = v = 3} gives [8,9]

1 —ﬂ—h—cxy/(xw)
Ry(1,3,3,4,b,c0,0,0,0) //Omf<x+y) ¥y dxdy (35)

= (a—b)~ /f 32t (1om/t b (b p))

2 b1 (b1/4a2 iK el (2v/aye) —b/? <\/E(b*a)1<%7ﬂ <2\/l7\/5)+\/51<7ﬂ7% (2\/5\5)))

H
fH) ¢ bl/4(a —b)2

(?R(n)>0\/<‘7\‘(11):0NR(;1)>— %))/\ (z}e(b)>ov (%R(b):()/\m‘(p)>— %))A(mc)>ov(sn(c):mzsve(y><1))

where in the last line we have analytically integrated [7] the general form for the special case f (t) = t.
This shows that the singularity at the origin, y~3/2 and +~3/2 in the two forms, does not preclude
integration when one has a factor like exp~*/! to counterbalance it. Mathematica indeed does complain
during numerical integration that the dx dy integral "has evaluated to non-numerical values for all
sampling points in the region with boundaries {{oc, 0},{c0, 0 }}" but nevertheless produces a value for
u = 0 for each integral, 9.384708, that matches the analytical value 9.384708018702616 to seven places,
fora=0.17,b=0.11, and c = 0.13. One may even take y < 0 with no problems.
Letting {n = m = v = 3} gives [9,10]

R A S Y\ —t-bocxy/(xy)
/ /o x3/2y3/2 (x+y)3/2f<x+y) etV dx dy (36)

- / F 326t (b (a—b—26) + e/ a—b+21)) db

R2(3,3,3,a,b,¢,0,0,0,0)

and so on. Numerical integration of both forms, with f(t) = £3/2,
gives R; (3,3, 3,0.17, 0.11, 0.13, 0, 0, 0, 0) = 1.117014.

The limit of what one may integrate is e’w\/g(a —b—tw) so that {n =0, m = v = 3} gives [11]

Ry(0,3,3,a,b,¢,0,0,0,0)

b 1 *y — 4=y —cay/ (x+y)
* dxd 37
/0 ,/0 y3/2 (x+y)3/2f2 (ery)e ’ xay (37)

(0 =072 [7 (o) 302

(iﬁ(m —2b— e lerf (\/? ) + ﬂmea/t> d

Numerical integration of both forms, with f (t) = 372 gives R, (1,3, 3, 0.17, 0.11, 0.13, 0,0, 0, 0) =
0.097224, though Mathematica did better in the interval 1/2 < u < 3/2 using adaptive quasi-Monte
Carlo integration than the default method.

If instead we set the last term to unity with m = v = 2 one gets for {n =1, m = v = 2} [12]

Ry(1,2,2,a,b,¢,0,0,0,0) = / / 72 x+y)f(x+y>e*”‘W"‘”’dxdy

= (a—b)_l/z/o F(t) ettt/ <\/Eerf<1/a;b>> dt (38)

Numerical integration of both forms, with f (t) = t3/2, gives R, (1,2, 2, 0.17, 0.11, 0.13, 0, 0, 0, 0) =
14.23627. For {n = m = v = 2} [8§]

X
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Ro(1,2,2,4,b,¢0,0,0,0) = / / = x+y (x+y>e ***** o/ () gy gy

— (a—b)! /O Fl 32t (01— e/t (39)

Numerical integration of both forms, with f (¢) = 372 gives Ry (1,2, 2,0.17,0.11, 0.13, 0,0, 0, 0) =
3.755877. The extension to larger values of n is straightforward.

Finally, we note that the results in this section are not well defined for a = b. Since the complicating
exponential in the second line of (32) goes to unity in this case, we may write the general form

_ R 1 xy —2b_cxy/(x+y)
R2 (7’1, m,v, b/ b/ ¢, 0/ O/ O/ O) - /(] /0 xﬂ/Zyﬂl/z (x+y)v/2f(x+y)e v dxdy (40)

_ r (%(m+v72)) r (%(n+1/72) /“f(t) e Cle—b/ty3(—m—n—v+2) g4
F(%(m+n+2vf4)> :

Rm+v) >2ARMm+v) >2

This is most easily proved by setting 2 = b and h = 0 in Equation (60) of Section 5. The restrictions on
n, m, and v most obviously keep the gamma functions from becoming infinite when their arguments
are integers less than one, but one may show by numerical integration that the above equation also
does not hold for nonintegral values of (m + v) < 2 even if the (erroneous) results are finite. Numerical
integration of both forms, with f (t) = £B3/2 gives Ry (2,3, 1, 0.11, 0.11, 0.13, 0, 0, 0, 0) = 17.107195.

4. Set of Integral Reductions for More Complicated Exponentials

A entirely different set of integral reductions may be crafted that include both positive
and negative powers in the exponentials. Using the same partial fraction decomposition as in
Equation (31) gives

Ry(n,m,v,a,b,¢,0,0,p,q)

a_b
/ ./ m/2 11/21 1//2f( )e*;*yfcxy/(”y)fprqydxdy
X2 (x +y) x+y
—n_2_v4+2

2/ f(t) tfm/Zefctfqtfb/tdt/ gMmtv=3 (52+t) 22
JO

a—b £
exp (7527_” —p <52+t) 1 )ds (41)

X

and we may well have convergence problems for b > a unless c is large enough. Note that the

—ct

exponential e~¢*¥/ (*+¥) multiplying f ( ) is transformed as e~ multiplying f (t) as one would

x+y
expect of a factor that can be folded into the definition of f.
If we then specialize this integral to the case where g = 0, one may complete the square in the

latter exponential and change variables

exp <—:2;bt—p<52+t)) = exp —(f\/sz \/\/:4_) 2,/pvVa—b

= exp (—02 — 2\/?\/@) . (42)
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One normally examines each of the (in this case four) possible solutions in turn to see if any have
properties that rule them out as unphysical. We start with

\/4\/@)2\/51 —b+4p(a—b) —dap+4bp+o* i p o2
+

s= L
2 N
Then with
2 ¢ 3/2
* — do (43)
s (Va4 yp (st +1)
we have [6]
= —m/2,—ct= b/t=2,/pVa—b 2
Ry (n,m,v,a,b,¢0,0,p,0) 2/ JI0Y: dt/f\[ \/7/\[ e
\/ﬁz%(nﬂ/fl) (\/‘m‘ﬂf\/ﬁ-&-v ) —m—n—2v+7)
P
X
(\/4\/?02\/H+ v+ 4 pVa—b+ Uz)
" 1 == (44)
(_ \/ \/4\/?v2\/ﬁ+v4+2\/ﬁm2pt+vz>
P

We set {m = 4 — v}, the last factor of (44) goes to unity, giving us some hope of doing the integral.
However, even a further reduction to the simplest form, with {n =3 — v} [6]

Ry(3—v,4—v,v,a,b,¢c0,0,p,0) = 2/ F(b) =B/ 2pmct=b/t=2ypVa=b gy v dve?
VPVi=Va

VP2 (45)
(,/4\/@;2\/u —b+vt+4,/pva— b+02)

2/‘oof(t) t—m/Ze—ct—b/t—Z\/ﬁ\/zI—b dt

4. /5Vah a+b+pt2) \/Zﬁt\/afbﬂ—bwtz
[t\/ — betvpva \/ < 7

X

\/Z\ft\/af+a7b+pt2
; (ﬁtm_ﬁb)erf(w)
+ (4\f‘/7 1)( Vptva—b+a— ))

8,/pva—b (\/@mﬁ +)
Ki“ﬂfﬁ’mm(iﬁbfﬂ‘)go)

A(—Z«/fﬂ( +\[\/* Nk eéRv%(—z\/\[ﬂ( )ﬁ/F \ft3/2> 0)
A(Z«/\/ﬁfz(ﬂ/m):r«ﬂ\/ufbfﬁﬁ/z eum%( 2/ (- >+fF m3/2)70>]

has conditions that cannot be met as t becomes very small unless,/pt = v/a —b or one of these
coefficients in the original exponents is an imaginary number. Each of the other three solutions for s(v)
leads to similar difficulties with conditions that cannot be met. Numerical integration of v also fails
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to give correct values for this reason, unless unless v/a — b is very close to zero for a wide variety of
values for 1, m, and v, even in the more general Equation (44).

Thus, let us return to the integral in terms of x and y to form a self-consistent version of the former
condition by setting p = (a — b)(x + y)?/ (x*y?). The utility of this value is not apparent in terms of
the original variables (where — % — 5 —px — % + bi% + b*%) but creates a useful exponential
when expressed in terms of s and t on the last line of the modified integral

- _ 00 oo 1 xy
Ra(n,m v, a, b, ¢ q) = /0/0 ym/zxn/z(x+y)”2f<x+y>

x e~/ x=bly—exy/ () =(a=b) () (xy?)—ay gy gy

= ® —m/2 ,—ct—qt—b/t o0 mtv—3 (.2 —g_y42
2/0 f(t)t e dt/o S (S -|—t>
a—>b a—Db)(s>+t 12
X exp <_52+t_( )tg ) _qsz>ds (46)

We again specialize this integral to the case where g = 0 and complete the square in the latter
exponential and change variables

s24t t

a— 2 2 .
exp <_:21bt _ b)t(zs +t)) = exp <_ <\/a—bt\/@ . \/a—b) _ 2a b)>

exp (—02 — M) (47)

Of the four possible solutions, we choose the one with

. _\/t3/20\/4a — 4b 4+ tv? 202

48
20—b) " 20—b) 48
Then with
Va—b (s> +2t
g = SYe-bls ;/“2 ) o (49)
t(s>+t)
we have [6]
"00 "00 L(—n—v+2)
5 _ —m/2 —ct—b/t—2(a—b)/t 21 2
Roy(m,m,v,a,b,c,p0) = 2/0 f()t e dt/o dve (u—b)
L(—m—n—2v
(—1)m+v=2 5 (ntv=1) (t (x/fv\/zm —4b+ 2 +2a—2b+ tvz)) 2 2
x (50)

la—m—
(\ﬂv\/4a —4b + tv? + 4a — 4b + tvz) (t3/2v\/4a —4b + tv? + tzvz) 2mmy)

If we set {m = 4 — v} the second factor in the denominator of (50) goes to unity, as does the last factor
in the numerator if we then set {n = 3 — v}, giving [6]
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Ry(3-v,4—v,v,a,b,¢0) / / 3V/2 /2(x+y)V/2f<x+y>

™ e—n/x b/y—cxy/(x+y)— (a b) (x+y)?/ (xy? )dxdy (51)
Va—b
) ) o/ 2gct=b/t=2a=6)/t_ VT (4 _ bty 2V i
/ f 4\/? e errc \/?
[ S-S <0V R@S() + SOR(E) > S@R(E) +R(B)S (),
V/S®)-3(0) SR < S@R(H
aTO] >0V R(a) + =57~ = g5 + R(O),
= Via Jia\ _
ot g Ry (Vo2 £ oA (L) = 0)]

Numerical integration of both forms, with f (t) = 372 gives R, (0,1, 3,0.17, 0.11, 0.13, 0) = 30.93045.
The powers of v can be folded into a redefintion of f.

If we instead retain the last factor in the numerator with unit power by setting {n = 1 — v},
after reducing we obtain [6]

~ {ee] (o] 1 xy
R 1- ’ 4— s Vs ty b/ 7 0 = / / ( )
2(1-v,4=v,v,a,bc0) 0 Jo x(1-v/2y6-v)2 (x+y)v/2f x+y

K et/ Ebly—exy/ ey~ (a-b) () (9?) gy gy

/ 10 ffZ 2(a—b)/t—5b/t—ct
2\/af
(e‘l“/t LA/t altgg (ﬁf}?)) dt. (52)

[R(a) 2 R(b) R(a)+ 2G> SGHO 450 (5)

()

X

Numerical integration of both forms, with f (¢) = 372 gives R, (-2,1, 3,017, 0.11, 0.13, 0) = 6107.0659.

One can also move the second factor in the denominator of (50) into the numerator with unit
power by setting {m = 6 — v}. We then set {n = 1 — v} to eliminate the other term in the numerator,
and reduce the resultant quotient to obtain [6]

Wk e ()
(1- v)/zy(6 v)/2 (x+y)v/2 x+y

K ema/xbly—exy/ (o)~ (a=b) )2/ (9?) gy gy

o va—b
2 ¢ t—2+v/2 —ct—b/t—2(a—b)/t \/E £ 2v/a dt. 53
/0 f(t) e S e NG (53)

[Ra=b)>0,  R(a)+ )2 O 1 9(p)v ( (ff <0/\\/\/[777)>0)

Ro(1—-v,6—v,v,a,b,c0)

b gyR( 252 )>0]

Numerical integration of both forms, with f (t) = £3/2, gives Ry (-2,3,3,0.17,0.11, 0.13, 0) = 354.25118.
Again, the powers of v can be folded into a redefintion of f.

One may also move the second factor in the denominator of (50) into the numerator with a
power of two by setting {m = 8 —v}. Again we eliminate the other term in the numerator with
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{n = 1 —v}, and reduce the resultant quotient somewhat. Mathematica 7 was unable to do this
integral, but Mathematica 9 could, with

Rl—,s—,,,b,,o:// ("y)
2(1-v v,v,a,b,c,0) 1V/2y<8'//2(x+y)”/2f T+y

« e a/x=b/y—cxy/(x+y)—(a=b)(x+y)*/ (xy? )dxdy

p5-38
% 4 W Sg_b)z 4
(ﬁME ' (beef +t<er fef>+8aef>, (54)

- (ﬁ\/u—beﬁﬂ(Su—Sb—t)erf <2 jﬁ_b> +4\/¥(ﬂ—b)e4fb)>

2/°° F(t) 2 2pmet=bl1=2a=b) /1 gy
0

X

[R(a)>R(0) R(a)+ 2G> GO 4 3p)

VS S SW \ _ (1)-%(a ()-S5
(( F 9 ¢RVR = )=0)A LgRVR ) <o

Numerical integration of both forms, with f (t) = t3/2, gives Ry (—2,5, 3, 0.17, 0.11, 0.13, 0) = 0.5599498.

Finally, one can also move the second factor in the denominator of (50) into the numerator with
unit power by setting {m = 6 — v} while allowing the other term in the numerator to appear with unit
power by setting {# = —1 — v}, and reduce the resultant quotient, giving

/ / -1-v)/2 6}//2(x+y)v/2f<x+y>

K e/ xbly=exy/ (ey)~(a-b) ey (9) g gy

2 /oof(t) t71+v/267ct7b/t72(a7b)/tdt
JO

X <e_4fb (\/Ee?(4a—4b—t)erf<2 \aﬁ—h) +4\/E\/mg4tb>

b (Vae (et e (F o) —anet)) ). (55)

[ma);sn(b)gn(m‘3@(9“)(0> SR R (b)v

Ry(-1—-v,6—v,v,a,b,¢c0)

VS(0)-S(a) VS()-S(a) —3(a) . 3(b)=3(a)
(T m( Y ) o) (T o, T30 ) <o) )]

Numerical integration of both forms, with f (t) = t3/2, gives R, (—2,5, 3, 0.17, 0.11, 0.13, 0) = 1.254474 x 10°.

5. Set of Integral Reductions for Inverse Powers and Powers Times Inverse Binomials in
The Exponentials

5.1. Integralswithj =p=q =0

An entirely different set of integral reductions may be crafted for inverse powers in the
exponentials. If we set j = p = g = 0 in (7) we obtain

Ry (n,m,v,a,b,¢, h0,0,0) / / B /21( >v/2f (x +y) e*%7§7cxy/(x+y)fhy/(x+y)dxdy
ym/2xn/2 (x +y

—F-5-v+2
_ 2/ f(t) tfm/Zefctfb/tdt/ Sm+|/73 <52+t> 272
0 0

X exp (—%ﬁht) ds. (56)

If we change variables to

_ — —
w:a b+ht,s:\/a b+ ht —tw ’ 57)

s2 4t Vw
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with

2
B (s2+1t)

we have

Ry (n,m,v,a,b,c h0,0,0)

/'°° /°° 1 f( xy )ef%asfcxy/(xw)—hy/(xw)dxdy
0 0 xn/Zynt/Z(x+y)v/2 x+y

2/00 t tfm/2efct7b/t a—b+ht 7m/27n/271/+3dt
[ st ( )

« /('H’*ht)/z wn/2+v/2—ze—w(u — b ht— tw)m/zw/z-zdw (59)
0

The general result, good for (m +v) > 2and (n+v) > 2is

o] 00 a_b
Ro(n,m,v,a,b,¢,1,0,0,0) = [ [7 = f( Yy >e*Tr”y/“*b’)*hy/(”y)dxdy
0 0 xn ym (x+y) X+y

)F(%(m+v—2))l”(%(n+v—2))
F(%(m+n+2vf4))

(60)

A b 1
/ f(t) e‘?‘”ti(_m_”_“'z
0

X

R <%(n+v—2);%(m+n+2v—4);—a_bt+ht> dt

R(m+v)>2 Rn+v)>2{a bt hteR t>0,
((a=bAh>0)V((a—b+th) >0Ab#a)]

Numerical  integration of all  four  forms, with  f () = £3/2,
gives R, (3,3,0,0.17,0.11, 0.13, 0.23, 0,0, 0) = 10.573548. Whenever m = n +2M, where M
is a non-negative integer, we may simplify this with [13]

1F(A2A— M;z)z = F<A7M7%> (Z)M7A+%ez/2 (61)
m ((-DF(=M2A-2M = 1)) (A+k=M=1) Ly 3 (3)
x k;) (2A — M)k! ’
12 1_ 1 z
\F1(A;24;2) = 22A-167/2 ()3 - AT <A+2> L (—5) , (62)
and
. . _ 1 z\~A+3 z/2
\F(A;2A+ M;z) = F(A—2> (1) e
M (—M)RA—1)) (A+k=1) 1, 1 (3) o
% kg (2A + M)k! ’ (63)

that can be readily integrated whenever n + v = 2 (A + 1) is an even integer. Even when v alone is an
even integer, and M is a non-negative integer, we may nevertheless find an integrable form with

(—1)Mez MILE M1 (—z)

Fi(A;A—M;z) =
1 l( ) (1_A)M

(64)

5.2. Application

Probability amplitudes in atomic physics and variational wave functions for many-electron atoms
involve products of Yukawa or (their special case) Coulomb potentials and hydrogenic orbitals that
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may be derived from Yukawa potentials via derivatives. Consider, then, the case of two Yukawa
potentials centered on different positions

517101720 (0; 0, xz) = /d3x1

e~ X1 p—12X12 e~ MX1 p—12|x1—%3|
- / By (65)
2

X1 X X1 [x1— x|

The author has given [14] an analytically reduced form for multidimensional integrals over any
number of such products in terms of Gaussian transforms, generally with one remaining integral
for each atomic center in the original integrals. Such a reduction in the present case from three to
two integral dimensions is in no way dramatic, but does provide a soluble example for the utility of
the (further) reduction formulae of this section. One may write down the final form for the above
integral using the notational formalism in that paper, but the reduction may instead be easily found by
completing the square in the Gaussian transform

e~ ¥010-1/4/p1 e X020 13/4/02

010 1 © 1 ©
00 = [da g [Cant ) e
2

1

2 2
1 / o e~ M/4/p poo e~ /4/p2
= = d3x{/ dmi/ dpr——7—
1/2 1/2

2
X30102
X exp|— + x'2 - 22002 66
P( (o1 +p2) X7 p1+pz> (66)
where we have changed variables from x; to x| = x; — p1p+2 5 X2 with unit Jacobian. Then the spatial
integral may be done [15]
oo 1+1/2
/e*(pﬁpz)X?,ﬁx’l = 47r/ e~ (Prtp)x? 3200 4”—3/2 67)
0 22 (p1+p2)
[o1+p2 > 0]
What is left is
2 2
SITPT(0,0,x0) = ”1/2/0 dpr——73 /0 dp2——75 (68)
P1 )

VAR S (.21}
+ 0,)%? p1+p2
(01 +p2)
— gl/2 R, (4, 4,0, 7]%/4, ;7%/4, x%, 0,0,0, 0)

where in the last line we have taken our function to be

f) =t (69)

and in the present case have y = 3/2. We could also have set 4 = 0 withn = m =1 and v = 3. Then
using (62) we have

/2R, (4, 4,0, 42/4, 13/4, 3,0, 0, 0)

7172 /"" dt( o133 ) (e—rzf/4/t_e—i7§/4/t)
o \VE(@3—n)
471 (e7 X2l — 7212
x2 (13 = 17)
2(2) 20 (8) 202 (3) 2

, (70)

which is indeed the correct result.
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Suppose instead of a Yukawa potential in 77; we have a hydrogenic 1s wave function that may be
had by differentiation:

0 g —2X12
S?;qz (0;0,x0) = /d3x11415 x1) o=
_ /d3 ;ﬁ’/ze*’hxl e~ n2¥12
X12
;71/2 ) e e~ MX1 g=M2X12
= ——=— x
VT a771/ ! X1 X12
3/2
d
_ ’7\} 30 25100 (0,50, x,)

;71/2 ] 471—(3 X2 _ p— 771X2)
VI (1 —13)

5/2
_ 8\/717 iefrlzxz o ;71 172 + i efr]lxz (71)
(7 — ’72) 2 2n 2

One may take the limit 7, — 71 to obtain Equation (49) from a previous paper [14] that used a very
different integration method:

SEI (00,5) = YT <1¢%xmz>e—m (72)

6. Set of Integral Reductions for Inverse Powers and Inverse Binomials in The Exponentials

6.1. The Transformation

We may use arbitrary values of a and b in integrals of exponentials that contain both inverse
powers and —j/(x + y) . We obtain

) . Rl 1 xy
RZ (n/ mr Ur ar b/ C/ h! ]/ 0/ 0) - ‘/0 /0 ym/zxn/z (x+y>V/2f(x+y>

% e—%—g—cxy/(x+y)—hy/(x+y)—j/(x+y)dx dy
_ « —m/2 ,—ct © mtv—3 (2 —Fopvi2
- 2./0 F(E) ™2 dt/o s (s +t)
t + bs? ht 52
X exp _a—zi—s_z __FB 5 | ds. (73)
FE11) 24t (241
If we again change variables to
.o 21 ’S:\/l—rt ’ (74)
s+t N
with
is = —— = g (75)

(52 +t)°
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we have

/t n 'Vl
Ry(n,m,v,a,b,c hj0,0) = / f(t) t‘_m/2 _’_Ctdt/ 1—rt)7 -2
X exp [+]r2t —r(a—b+ht +])}} r. (76)

This is integrable for even values of nn + v > 4 if we set the second factor in the 7 integral to unity with
m = —v + 4. One may also do a binomial expansion of (1 — rt) for even values of m + v > 4. This is
done by completing the square in the exponential and setting

,_ . a—b+ht+j
Ve (77)

with unit Jacobian.

6.2. Application

Fourier transforms of products of Yukawa or Coulomb potentials and hydrogenic orbitals are
more difficult than (65). Consider, for instance, the case of the Fourier Transform of a product of two
Yukawa potentials centered on different positions

e~ MX1 p—12|x1—X2|

SPU0 (150, %) = [ e~kx 78)

X1 |x1 —xo|

The procedure is as in Section 5.2 above, but with two extra terms in the exponential after
completing the square:

e ¥aP20—13/4/ 02

e Xip1p— 11 /4/ o1 o0 .
1020 q _ 3 e M ik
S0 (1,0,x,) = /d xlf/ — \/E [ e ikex
1 2
1/ 0 3771/4/.01 ~00 677]%/4/92
= = d3x’1/ dpli/ dpp S
172 1/2
T 0 oy’ 0 0y’

p1+p2  p1+p2  4(p1+p2)

2 2

o0 e~ Mi/4/p1 oo e~ /4/ P2

= 7'(1/2/ dp171/2 / dpzil/2
0 1 0 03

2 1. 5
x eXP<—(p1+pz>X’?—x2plp2—pﬂk 2 _ Kk )

% exp | — x%plpz . pzlk + X2 _ kz
(o1 + p2)*" prtp2 pite2 4(er+p2)
e (4 4,0, 12/4, 73/4, 13, ik -xp, K2/4,0, 0) (79)

where in the last line we have taken our function to be

£ = (80)

and in the present case have y = 3/2. We could also have set 4 = 0 withn =m =1and v = 3.
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Then
SO0 (1;0,x) = n'/?R (4 4,0, 72/4, 13/4, 13, ik -xo, K2, 0 o)
1 YU, X2 2 ///171 /772 /xZ/1 X2, 7 Yy
2
= nl/Z/ $1/2 %~ gy
1/t K2 ;72 172
K22t —itk-xy — — — L 4 12
x/o explr—f—r(z X2 - 4+4 dr
2
2 2
2 \ﬁ (ik’x2t+lf+zf—ﬂ42>
1/2/ dte= %3tV exp | — 2 (81)
2 2 2 2
ikoxot+ 5+ -1 ikt - 4R
X erf —erfi
kvt kv/t
As a check one can instead change variables to T = P2 _ Y iy, (79) to give [7]
p1tp2  xX+y
1 1 ; 00 1
17110720 /7 . _ 1/2 —ik-
Sl (k, 0, Xz) = Tt ‘/0 dTme ! XZT/O dxm (82)
1— 1) (K2 2 2
 exp (_x%” -0 i 1) + i
— _ 2 2 2
Y /1 dTefik.XZTZ\/Eexp( xz\/(l T) (K2t +13) + 1711)
0 \/(1 —1) (KRt +n3) + 3t
_ 27_[/1 Jro—ikxot€XP (—x2L)
0 L
where
L= \/(1 — 1) (KT +133) + 13t (83)
One can show numerically that these two integrals are equal,

with 711/2R, (4, 4,0, (0.82)% /4, (0.66)% /4, (0.36)%,1i (0.36) (0.19), (0.19)%, 0, o) = 6.4564 — 0.2108 i.
Cheshire [16] reduced the related integral (his Equation (19))

’73 0,0 (1
L = \}»5;];1172 <2kf;0,xz>
m=1m2=1/2
3/2 3/2 _
= /d3 2 ’723612;71 ﬂe—i%kpxl
\F VI m=112=1/2
;73/2 3/2 < > d3 e~ 2X12 p—11X1 ! Liex
— 2
o) |
f \F 12 X2 X n=Lm=1/2
772 ( d )517107720 <1k )
- ~ ;lez (84)
) > f ’
f NG 2 H—La1/2

which matches the present result after substituting the specialized values for #; and #5.
If 11 = 2 we have

L=/k(1-1)T+72 (85)
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In the limit k — 0 and if 77, = #; we can analytically integrate either form to give

27re X2
SO0 (0;0,x,) = 7”517 . (86)
1

7. Conclusions

We have found the means to reduce two-dimensional integrals that include exponentials,
powers, and binomials along with a general function that depends on the integration variables
*y

in the specific configuration f (Ty) to a one-dimensional integral involving that same function

of the new integration variable f (¢). The various solutions are grouped according to which terms
_a_b_ — i —px—
are nonzero in the exponential ¢~ * v~/ /(xty)=hy/ (x+y)=j/ (x+y)=px=qy , and next by powers of the

integration variables. Such integrals arise in Gaussian transforms of atomic, molecular, and optical
transition amplitudes [2,3] and may appear in the calculation of expectation operators in percolation
theory [4]. Two applications of the results for atomic transition amplitudes are given. The extension
to three-dimensional integrals is worth pursuing since it would allow for the solution of many more
problems in AMO theory.
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